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EXECUTIVE SUMMARY 
 
Flexible pavement is a complex structure built with the main purpose of carrying the 
traffic loading. A typical flexible pavement structure consists of several layers – surface 
course, base course, sub-base course and subgrade soil. The behaviour of the flexible 
pavement is complicated and is commonly characterised by the resilient modulus (Mr) of 
subgrade soils and granular materials in the pavement structure. Technically speaking, Mr is 
defined as the ratio of the deviator stress (σd) and the consequent recoverable strain, and can 
be determined from the repeated load triaxial test in the laboratory. Inherently, it is a 
challenge to perform repeated load triaxial tests as a routine basic test due to the complicated, 
time-consuming and expensive procedure; hence, several empirical approaches to estimate 
Mr from other soil mechanical properties – California Bearing Ratio (CBR), unconfined 
compressive strength or physical properties – moisture content (MC), plasticity index or dry 
density have been proposed and recommended by several pavement design guides. 
 
With the same philosophy, the current research evaluated the resilient response of some 
different fine-grained subgrade soils, granular, base and sub-base materials and developed 
several simple, less time-consuming, and inexpensive methods and models to evaluate and 
determine Mr for the design of flexible pavements.  The main objectives in this study were: 
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1. To investigate the possible development of simple and reliable enough indirect 
methods for the evaluation of Mr of fine-grained subgrade soils in the field as well as 
in the laboratory. 
 
2. To develop simplified testing methods for the repeated load triaxial test to determine 
Mr for fine-grained soils and granular materials. 
 
3. To develop a three-dimensional discrete element model for the study and prediction of 
the resilient behaviour of granular materials. 
 
4. To develop possible reliable prediction models for the resilient behaviour of fine-
grained soils based on the CBR, Clegg Impact Value (CIV) and applied stress levels 
from the laboratory test results. 
 
In order to fulfil these research objectives, initially a comprehensive literature study was 
carried out. This was continued through the research and a total of 234 references were used 
in this study. After that, an extensive experimental programme with eight different subgrade 
soils and fourteen different granular materials was carried out. These materials were collected 
from various locations in Victoria and covered a wide range of flexible pavement materials. 
For the subgrade soils, the physical properties, such as plastic limit, liquid limit or particle 
size distribution, were determined according to the Australian standard. Moreover, for each 
fine-grained subgrade soil, the testing condition was prepared at different moisture contents, 
including optimum moisture content (OMC), dry of OMC (OMC -2.5%), wet of OMC (OMC 
+ 2.5%) and soaked conditions. In addition, for each testing condition, identical specimens 
were compacted and used.  
 
Besides the repeated load triaxial testing system, that was used in this study to investigate 
the resilient behaviour of granular materials,  several other types of equipment were also 
used, including the lightweight dynamic cone penetrometer (DLP), which was developed in 
this study, the CBR testing equipment and the Clegg impact hammer. In addition, a new 
technique to measure the confining pressure in the CBR mould during Dynamic Cone 
Penetrometer (DCP) test was developed using miniature pressure gauges.  
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Granular materials can be considered as a very large assembly of independent particles. 
Due to the discontinuous and inhomogeneous nature of granular materials, a particle-based 
computational method may be used to study the dynamic load characteristics of unbound 
granular materials. In this study, the Discrete Element Method (DEM) was used to estimate 
Mr of these granular materials. A new program was written and developed based on the Esys-
particle, which is open-source software for particle-based numerical modelling. 
 
Based on the experimental results and the findings from numerical investigation, several 
important developments were achieved, as follows: 
 
1. Development of DLP for the evaluation of Mr of soils in the field as well as in the 
laboratory by comparing the test conditions in a large mould 700 mm x 700 mm x 700 
mm and the CBR mould. The former presents the field conditions and the latter 
presents the laboratory conditions. It was found that by reducing the hammer mass 
from the standard 9 kg to 2.25 kg, the dynamic cone penetration index (DCPI) from 
the large mould is equal to the DCPI from the CBR mould. Therefore, 2.25 kg was 
selected as the hammer mass for the new dynamic lightweight penetrometer. 
 
2. Development of a prediction model for Mr based on the DLP index (DLPI) and stress 
levels for fine-grained soils. The proposed model may be used for the estimation of 
Mr for fine-grained subgrade soils using the DLPI found from a laboratory or field 
penetration test at any MC from OMC to soaked soil conditions. 
 
3. Development of the simplified testing method for the repeated load triaxial test to 
determine Mr for fine-grained soils. The proposed simplified approach can 
significantly simplify the current testing standard method by reducing its time-
consuming and complicated nature. In the proposed simplified method for fine-
grained soils, the number of loading sequences is reduced from 16 to 5, and Mr is 
reported as the average value of the Mr from the five sequences. It was found that the 
Mr results from the simplified method and from the standard method are almost 
identical, with R2 = 0.99, for the same stress combinations for the experimental fine-
grained soils. 
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4. Development of a simplified testing method for the repeated load triaxial test to 
determine Mr for granular materials. The experimental materials were fourteen 
different unbound granular materials used for base and sub-base courses in pavements, 
included Vicroads class 1, class 2, class 3 and class 4 crushed rocks, reclaimed asphalt, 
and other types of aggregate. Based on the test results, a simplified testing method 
was proposed in this study with only eight loading sequences, as compared to 50 for 
the standard method.  The main advantage of the proposed simplified method was that 
the required testing time was reduced significantly. Typically, the standard test 
requires approximately 15 hours, whereas the proposed simplified test consumes only 
4.5 hours.  
 
5. Development of a three-dimensional numerical model for the study and prediction of 
the resilient behaviour of granular materials using DEM. In order to verify the 
developed model, the laboratory repeated load triaxial test was carried out for one of 
the popular pavement materials used in Victoria, 20 mm class 1 crushed rock. In 
addition, a DEM simulation was carried out with similar properties to the 
experimental materials, such as particle size distribution, maximum dry density and 
particle size density. The normal stiffness, shear stiffness and coefficient of friction 
used in the DEM model were selected from previous research works for similar 
materials. Based on the test results, it was found that by plotting Mr from the model 
and the experiments along with the number of the loading sequence, the trends are 
almost identical. 
 
6. Development of a prediction model for the resilient behaviour of fine-grained soils 
based on the CBR values and stress levels from laboratory tests results. The proposed 
correlation between Mr and CBR can provide the pavement designer with an indirect, 
inexpensive and simpler method to estimate Mr. Furthermore, a relationship was also 
found for the CBR and DLPI of the fine-grained subgrade soils used in the study. The 
proposed correlation can be used as an alternative method, which is cheaper, quicker 
and simpler for the estimation of the CBR values in the field. 
 
Declaration 
 
Bao Thach Nguyen – PhD thesis                                                                                                                          8 
 
The recommendations for further investigations are included in this research, focusing on 
the extension of this study to perform tests with different types of fine grained subgrade soil 
and granular material for the development of universal predictive models. For the proposed 
numerical model, further investigation with the shape of the particle changing from spherical 
to an irregular shape is recommended. For instance, each granular particle is presented as a 
clump of spheres. Moreover, further investigations with the effect of particle sizes of less 
than 2.36 mm, as well as the sensitivity of the input parameters, are also recommended. 
 
From the results and prediction models developed in this study, fifteen papers have been 
prepared and published or submitted in international journals. In addition, some of the results 
have been presented in five international conferences. 
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1.1 INTRODUCTION 
 
This chapter presents the problem statement that is addressed in this study, it states the 
research scope and objectives, and discusses the significance of this research. The final 
section in this chapter describes the outline of the thesis. 
 
1.2 PROBLEM STATEMENT 
 
Generally, roadway pavements are very complex structures that can be categorised into two 
groups – flexible and rigid.  Flexible pavements are typically surfaced with asphalt materials.  
A typical flexible pavement structure consists of the surface course and the underlying base 
and sub-base courses.  A subgrade soil is the foundation of the pavement.  For a long time, 
the behaviour of subgrade soils and granular materials was evaluated based on a quasi-static 
property, such as CBR. However, the CBR test is not representative of the dynamic response 
of the pavement structure under the actual traffic loading of moving vehicles. 
 
With the introduction of the concept of Mr as the material stiffness in the mid-1950s (Seed 
1955), considerable attention has been devoted to evaluating the behaviour of subgrade soils 
as well as the base and sub-base granular materials under repeated dynamic loading.  In the 
“AASHTO Guide for Design of Pavement Structures” (AASHTO 1993) and “AUSTROADS 
Pavement Design Guide” (AUSTROADS 2012), Mr has been recognised as being an 
important property that governs the performance of the subgrade and granular materials, and 
has been recommended for pavement design and analysis. 
 
Mr can be obtained directly from the repeated load triaxial test in the laboratory and is 
defined as the ratio of σd to the recoverable elastic strain after a series of a combination of σd 
and σ3 applied to a specimen. Inherently, it is a challenge to perform repeated load triaxial 
tests as a routine basic test due to its complicated, time-consuming and expensive procedure. 
For the granular materials, the repeated load triaxial testing standard AG:PT/T053 (2007) can 
take up to 15 hours to complete, excluding time for the sample preparation. Furthermore, a 
highly skilled technician is also required for the operation of the equipment. 
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In addition, in a standard test, after the repeated load triaxial test in the laboratory, different 
values of the Mr corresponding to each different loading sequence are collected. There are 15 
and more than 50 different Mr values for the AASHTO T307-99 (2007) and AG:PT/T053 
(2007), respectively. After that, in the report, the Mr will be presented as a function of stress 
level, using one of the seven models as mentioned earlier. This means that the report issued 
from the testing laboratory to the pavement designer will not show Mr as a constant value but 
in the form of a regression model, as presented in the previous section. It is implied that it is 
the responsibility of the pavement designer to select the appropriate Mr value based on the 
reported regression equations as the input for the pavement design. This procedure sometimes 
causes confusion and it is also time-consuming for the designers due to the required 
justification and analysis to obtain the suitable model and stress level. 
 
1.3 RESEARCH SCOPE AND OBJECTIVES 
 
The scope of this research is to evaluate and predict Mr of some fine-grained soils and 
granular materials for flexible pavement design. This study has four main objectives. 
 
1. To investigate the possible development of simple and reliable enough indirect 
methods for the evaluation of Mr of fine-grained subgrade soils in the field as well as 
in the laboratory. 
2. To develop simplified testing methods for the repeated load triaxial test to determine 
Mr for fine-grained soils and granular materials. 
3. To develop a three-dimensional discrete element model for the study and prediction of 
the resilient behaviour of granular materials. 
4. To develop possible reliable prediction models for the resilient behaviour of fine-
grained soils based on the CBR, CIV and applied stress levels from the laboratory test 
results. 
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1.4 SIGNIFICANCE OF THE RESEARCH 
 
Pavement design considers natural subgrade properties and determines the most economical 
base and sub-base layer thicknesses and material types for the pavement system. In order to 
fulfil this task, the value of Mr for these pavement materials is a very important input. 
 
This study evaluates the resilient response of eight different Victorian fine-grained subgrade 
soils and fourteen different granular, base and sub-base materials. Furthermore, this research 
aims to better understand the testing aspect of Mr of fine-grained subgrade soils and granular 
materials, and improve and simplify the current standard repeated load triaxial test for the 
determination of Mr. 
 
1.5 OUTLINE OF THE THESIS 
 
The current thesis is organised into six main chapters and is presented in the format of the 
thesis by publications as follows: 
 
Chapter 1: Introduction 
Chapter 2: Literature review 
Chapter 3: Experimental materials 
Chapter 4: Testing methods 
Chapter 5: Results and discussion  
Chapter 6: Conclusions 
 
Chapter 1 is the introduction chapter. In this chapter, the problem statement, research scope 
and objectives, and the significance of the research are discussed. The next chapter reviews 
previous literature and provides background information for this study. After that, chapter 3 
describes the experimental materials and chapter 4 summarizes the testing methods used in 
this study. In the next chapter, chapter 5 presents the test results and analyses, and discusses 
the findings from the analyses. Furthermore, the development and the verification of the 
numerical model to predict Mr are also discussed in this chapter. Finally, chapter 6 
summarizes the conclusions and outcomes derived from this research. Moreover, chapter 6 
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discusses how these conclusions can be applied in design and provides suggestions for future 
research. Supporting materials are provided as appendices that follow the list of works cited. 
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Chapter 2 
 
 
LITERATURE 
REVIEW 
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2.1  INTRODUCTION 
 
As mentioned earlier, the main objective of this study is to evaluate and develop predictive 
models for Mr of fine-grained subgrade soils and granular materials. This chapter presents the 
background of Mr of fine-grained subgrade soils and granular materials as well as the latest 
findings from other research works. Furthermore, this chapter also reviews a summary of 
some state of the art approaches and models that attempt to characterise the resilient 
behaviour of pavement materials. Moreover, a literature review of the mathematical models 
and the factors that affect Mr is also included and discussed. 
 
It should be noted that part of this chapter has been included in a paper with the title “An 
overview of resilient modulus for fine-grained subgrade soils”. This paper has also been 
submitted for possible publication in the Geotechnical and Geology Engineering Journal. 
 
2.2  FLEXIBLE PAVEMENT 
 
Flexible pavement is a very complex structure, which consists of several material layers, such 
as sprayed seal surface, base, sub-base course and subgrade soil. These pavement materials 
have different physical and mechanical properties. Originally, the flexible pavement design 
procedure was empirical and based on determining the thickness of the above material layers 
that could provide adequate strength to protect the weaker subgrade soils below. The failure 
criterion of the design was the subgrade shear failure mode; in addition, the experience from 
previous projects was also used. Since the early 1960s, the flexible pavement design was 
changed from the empirical approach to a mechanistic-empirical method (e.g., Brown 1977; 
Huang 1993), which is more realistic because an empirical model helps to combine the theory 
of mechanics with the observed performance of pavement structure in the design procedure. 
In addition, the mechanistic method, which is based on the theory of mechanics, takes into 
account the pavement response parameters, such as stresses, strains and deformations due to 
the traffic loading and environmental influences. 
 
Since the mechanistic-empirical method was first proposed, two main failure criteria have 
often been used in the approach to flexible pavement design. The first failure criterion is the 
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limiting vertical compressive strain on the surface of the subgrade soil to reduce permanent 
deformation, which was suggested by Kerkhoven and Dormon (1953). The second criterion is 
the limiting horizontal tensile strain at the bottom of the asphalt concrete and cemented layers 
to minimise the fatigue cracking, which was proposed by Saal and Pell (1960). The first 
failure criterion indicates that the flexible pavement structural responses are significantly 
influenced by the subgrade.  A large percentage of pavement surface deflection is related to 
the subgrade soils. Therefore, the need for good subgrade characterisation is obvious. 
 
2.3 RESILIENT MODULUS 
 
As recommended by the AASHTO and AUSTROADS design guide (AASHTO 2008; 
Austroads 2012), the resilient modulus (Mr), especially the subgrade Mr, is the main 
structural input parameter for the pavement design approach. Technically speaking, Mr is 
stress-dependent, and, under the dynamic traffic loading conditions, the stress level that the 
fine-grained subgrade soil and granular materials is subjected to is illustrated in Figure 2.1. 
 
 
Figure 2.1: Cross section of a typical flexible pavement. 
 
More details about the resilient behaviour of the fine-grained subgrade soil and granular 
materials under the dynamic traffic loading can be seen in Figure 2.2. 
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Figure 2.2: Stress-strain behaviour of a typical fine-grained subgrade soil under repeated 
loading. 
 
Based on Figure 2.2, Mr is defined as the ratio of the deviator stress to the consequent 
recoverable strain: 
 
d
r
r
σM =
ε
         (2.1) 
 
Where: Mr = resilient modulus (MPa) 
 σd = σ1 – σ3 = deviator stress (kPa) 
 εr = ε2 – ε1 = recoverable strain (µm) 
 
2.4 RESILIENT MODULUS LABORATORY TEST 
 
Mr of fine-grained subgrade soil and granular materials can be determined from the testing in 
the laboratory. The testing sample can be undisturbed or disturbed. With the laboratory-
prepared specimens, a range of moisture contents and densities can be tested to simulate the 
field conditions. The most common test method to characterise the resilient behaviour of the 
fine-grained subgrade soil and granular materials in the laboratory is the repeated load triaxial 
test.  
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Resilient behaviour of fine-grained subgrade soil and granular materials can be characterised 
based on data from the repeated load triaxial test in the laboratory. A schematic of the 
repeated load triaxial test equipment is described in Figure 2.3: 
 
 
 
Figure 2.3: The schematic of the repeated load triaxial test equipment 
 
It can be seen from Figure 2.3 that the specimen is located inside the triaxial cell. Most of the 
repeated load triaxial testing equipment has a specimen diameter of up to 150mm. Generally, 
it is commonly accepted in the geotechnical community that the sample diameter must be five 
times larger than the nominal particle size of the material to be tested. Moreover, Theyse 
(2000) also found that the modulus would be overestimated if the ratio was less than 4. 
Regarding the ratio of the height and diameter of the sample, Taylor (1971) proposed that if 
the ratio was 2 for a soil sample having regular platens at both ends, the significance of the 
size effect on the measurements would be negligible. This ratio has been widely accepted and 
used in the majority of repeated load triaxial tests. 
 
During the repeated load triaxial test, the sample is subjected to a deviator load from the 
vertical direction, which is measured by the load cell. The deviator stress is also referred to as 
the cyclic stress and is always in a compressive state in the repeated load triaxial test. In 
addition to the deviator stress, the sample is also subjected to the confining stress, which is 
provided by the confining medium, such as air or water. Due to the axisymmetric geometry 
of the cylindrical sample, the value of the major principal stresses σ2 and σ3 must necessarily 
be equal and is called the confining stress. The sum of the deviator stress and the confining 
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stress is defined as the major principal stress, which is applied on the top of the sample in the 
vertical direction. The main objective of the combination of deviator stress and confining 
stress is to simulate the stress levels in a real flexible pavement structure under traffic loading 
conditions.  
 
The values for the loading deviator stresses and confining stresses are dependent on the 
relevant testing standards. Moreover, the loading cycle, which consists of the loading and 
unloading stage, is also pre-determined. For example, in AASHTO T307-99 (2007), a loading 
cycle of 0.1 seconds of loading and 0.9 seconds of unloading is suggested in order to simulate 
a standard vehicle travelling at 60 mph. During the test, the deformation of the sample is also 
measured by two linear variable differential transformer transducers, which are externally 
mounted on top of the triaxial cell. Several procedures for repeated load triaxial tests have 
been suggested by different organisations and research groups such as AASHTO T 307-99, 
protocol P46, Austroads AG:PT/T053, European Cen 29 or ICAR. 
 
The repeated load triaxial test has several advantages. The main advantage is the different 
stress levels that can be applied to a specimen in order to simulate the field conditions of the 
actual flexible pavement. In addition, a loading waveform in different shapes, such as 
haversine or rectangular, has also been created by the testing equipment. Moreover, apart 
from the determination of Mr, it is also possible to determine the Poisson’s ratio if radial 
displacement transducers are installed on the sample. However, practically speaking, it is a 
challenge to carry out the repeated load triaxial test as a daily routine test in the laboratory 
because of the time-consuming and complicated testing procedure. Furthermore, a skilful 
operator is also required to run the test with a high quality control procedure in place. 
Moreover, the repeated load triaxial test is not a common testing apparatus in the laboratory 
because the testing equipment is expensive, and, hence, less affordable. 
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2.5 RESILIENT MODULUS FROM THE MECHANICAL 
PROPERTIES 
 
Due to the complicated, time-consuming testing procedures in the laboratory, as mentioned 
earlier, there have been several attempts to correlate Mr with other mechanical properties of 
subgrade soils, such as CBR, unconfined compressive strength, DCP, falling weight 
deflectometer, stabilometer, plate load test and seismic modulus test. However, it is noted 
that these reported relationships are empirical, whereas Mr is a mechanistic parameter and is 
dependent on the soil physical properties as well as the level of stress. 
 
2.5.1 Correlation between resilient modulus and California Bearing Ratio 
(CBR) 
 
The most extensively used empirical equation by pavement designer and researchers for 
estimating in situ Mr of fine-grained subgrade soil and granular materials is the correlation 
with CBR. Moreover, this correlation is also recommended by the AASHTO Guide (2008) 
and Austroads pavement design guide (2012). A summary of some of the correlations 
between the Mr and CBR are shown in Table 2.1. 
 
Table 2.1 Some empirical equations between Mr and CBR 
 
References Equation Comments 
Heukelom and 
Klomp (1962) 
 
Austroads 
pavement design 
guide (2012) 
Mr (MPa) = 10 (CBR) 
Valid for soaked CBR < 10. Mr 
tested with instrumented vibratory 
compactor. (For Heukelom and 
Klomp 1962) 
 
Valid from 5 x CBR to 20 x CBR 
(Sparks and Potter 1982). (For 
Austroads 2012) 
Green and Hall 
(1975) 
Mr (MPa) = 17.6 (CBR)0.64 
Developed from the experimental 
data of nearly 400 flexible 
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AASHTO 
pavement design 
guide 2002 (2002) 
pavement sections (Lister and 
Powell 1987). 
Power et al. (1984) Mr (psi) = 2555 (CBR)0.64 None. 
Webb and 
Campbell (1986) 
Mr (psi) = 3116 (CBR)0.478 
Mr showed no significant change 
within ± 1.5% of optimum moisture 
content. 
Hopkins (1994a) Mr (MPa) = 17.914 (CBR)0.874 None. 
 
Even though the CBR value has been extensively used to evaluate Mr, it should be noted that 
the CBR is technically a strength property and should not necessarily be expected to correlate 
with the modulus or stiffness. Furthermore, Mr is basically a mechanistic parameter and 
represented as a function of the applied stresses while the CBR is stress independent. 
Moreover, it is also observed that the correlation between the Mr and CBR is sensitive to the 
material physical properties, such as the percentage of fines contents; environmental factors, 
such as the moisture content and stress level, and it is apparent that there cannot be a unique 
correlation between Mr and CBR. In some cases, it is impossible to establish a suitable 
correlation between Mr and CBR for subgrade soils, as reported by Thompson and Robnett 
(1976) in their research work. In addition, some experimental data also show that Mr values 
may vary over a wide range for a given CBR value, which can lead to an overestimate of the 
Mr value when using these empirical correlations. 
 
2.5.2 Correlation between resilient modulus and unconfined compressive 
strength 
 
The relationship between Mr and unconfined compressive strength for fine-grained subgrade 
soil and granular materials has been investigated and reported. In 1979, Thompson and 
Robnett found that Mr can be determined from the unconfined compressive strength. The 
relationship is described as follows: 
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   Mr (ksi) = 0.86 + 0.307 (qu)   (R2 = 0.47)                          (2.2) 
 
Where: qu = unconfined compressive strength (psi) 
 
In order to employ the above correlation to predict Mr, the unconfined compressive test 
should be carried out on samples in in-situ conditions. Furthermore, the low value of the 
coefficient of determination, R2, can be due to the difference in the characteristics of these 
two parameters. 
 
From the investigation with a small level of strain, in 1997, Lee et al. suggested an alternative 
relationship to estimate Mr. The proposed model (Equation 3) has a strong coefficient of 
determination and can be used for the laboratory compacted samples. 
 
Mr (psi) = 695.4 (Su1.0%) - 5.93 (Su1.0%)2 (R2 = 0.97)                                        (2.3) 
 
Where: Su1.0% = stress at 1.0% strain in the unconfined compression test (strain rate is 
1%/minute) 
 
With this concept of testing, the unconfined compression test was suggested as an alternative 
testing method to the repeated load triaxial test to obtain Mr values at the small strain levels 
(Lee et al. 1997; Drumm et al. 1990). 
 
2.5.3 Correlation between the resilient modulus and the dynamic cone 
penetrometer (DCP) 
 
The dynamic cone penetrometer was originally proposed by Scala in 1959 as the main tool to 
characterise the strength of pavement materials. Moreover, the DCP is also widely used in the 
quality control of the compaction. Nowadays, DCP becomes the most versatile rapid in situ 
evaluation device currently available. Good correlations to the CBR and Mr make DCP a 
competitive alternative to other expensive and time-consuming testing equipment. The 
original DCP design consists of a hammer of 8.0 kg, a 600 cone tip and the falling height of 
575 mm. In operation, the DCP is driven into the pavement material by dropping the hammer 
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from a certain height. The penetration depth per blow is recorded during the test. The slope of 
the curve between the penetration depth and number of blows is defined as the dynamic 
penetration index (DCPI). The unit is mm/blow. Practically, the smaller the DCPI is, the 
higher the strength of the material. 
 
In 1969, Van Vuuren, from South Africa, proposed a modified version of the original DCP. 
The modified DCP has a hammer of 10.0 kg and a falling height of 460 mm. In the 
investigation, Van Vuuren mentioned that his DCP is only applicable for materials with CBR 
values ranging from 1 to 50. Some of the correlations between the Mr and DCPI are described 
in Table 2.2. 
 
Table 2.2 A summary of the empirical relationships between Mr and the field dynamic cone 
penetrometer index for fine-grained subgrade soil and granular materials. 
 
References Empirical equations R2 
Hassan (1996) ( )rM =7013.065-2040.783ln DCPI  0.41 
Jianzhou et al. (1999) ( )-0.39rM =338 DCPI  0.42 
George and Uddin (2000) ( )-0.492rM =532 DCPI  0.40 
Gudishala (2004) ( ) ( )
-0.44
r d
1100 DCPI
M = +2.39 γ
MC
 
0.68 
Herath et al. (2005) 
r
928.24M =16.28+
DCPI
 
0.82 
( ) ( )-0.736 dr γM =520.62 DCPI +0.4 +0.44 PIMC
 
 
 
  
0.78 
Mohammad et al. (2007) 
( )-1.096rM =151.8 DCPI  0.91 
( )-1.147 dr γM =165.5 DCPI +0.097 MC
 
 
 
 
0.92 
 
Where: Mr = resilient modulus (MPa) 
    DCPI = field dynamic cone penetration index (mm/blow) 
   γd = dry unit weight (kN/m3) 
   MC = moisture content (%) 
    PI = plasticity index (%) 
 
The earliest empirical equation was proposed by Hassan (1996), who found that the 
relationship was more significant at the optimum moisture content (OMC) than wet of OMC. 
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Furthermore, it has also been noted that the Mr values from the relationship reported by 
Jianzhou et al. (1999) were obtained from the back-calculation of the falling weight 
deflectometer, not from the repeated load triaxial test. In addition, George and Uddin (2000) 
used both manual and automated DCP in their research work and they concluded that there 
was no significant difference between these two types of DCP. 
  
However, these applications of the DCP are limited to the field conditions due to the 
influence of the confining effects caused by the heavy mass of the hammer. With the aim of 
overcoming this issue and to expand the application of the DCP to the laboratory conditions, 
in 2012, Nguyen and Mohajerani (2012) proposed a dynamic lightweight cone penetrometer 
with a hammer of 2.25 kg and a falling height of 510 mm. Based on the results from their 
experimental works, they found the following relationship (Equation 2.4) between Mr and the 
dynamic lightweight penetrometer index (DLPI): 
 
              ( ) ( )rlog M = 2.242 0.890log DLPI−         (R2 = 0.64)                  (2.4) 
 
It is noted that the above equation takes into account the different moisture content levels 
used for the experimental soils in the study. Technically speaking, it is recommended that the 
subgrade soil be initially compacted at the optimum moisture content (OMC) in the field to 
achieve the maximum dry density. In addition, over the service life of the pavement, under 
the changes of the seasonal climate and drainage conditions, the moisture content of the 
subgrade soils eventually changes to the wet side of the OMC. Therefore, in order to take into 
account this environmental influence, Nguyen and Mohajerani suggested considering only 
the wet side of the OMC in the correlation and they found that Equation 5 had a higher 
coefficient of determination for these conditions. 
 
( ) ( )rlog M =2.176-0.847log DLPI              (R2 = 0.70)                         (2.5) 
Or 
( )-0.847rM =150 DLPI               (R2 = 0.70)                   (2.6) 
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2.5.4 Correlation between the resilient modulus and falling weight 
deflectometer 
 
The Falling Weight Deflectometer (FWD) is a non-destructive device that has been widely 
used in pavement design and other management activities for existing pavements (Austroads 
2011). The FWD device is basically designed to simulate the deflection of a pavement 
surface caused by a fast-moving truck. The load pulse is generated by dropping a weight. 
This load pulse is transmitted to the pavement through a 300 mm diameter circular load plate. 
An FWD has two types of primary measurement device. The first is a load cell, located 
directly above the load plate, which measures the force imparted to the pavement; the other is 
a deflection sensor. The FWD device can be placed directly on top of the subgrade soil and 
the data is then used to obtain Mr from the back-calculation process. In addition, it is noted 
that the back-calculated Mr values do not represent a single point location, but reflect the 
influence of a large volume of soil in the field. 
 
There are several models reported by previous research work that correlate Mr with the 
falling weight deflectometer results. For instance, in 2003, Rahim and George reported a 
model to determine the Mr from FWD for fine-grained soils, as follows: 
 
( )rM =0.71 FWD                                (2.7) 
 
In the same year, the following model was developed by George (2003):   
 
( )rM =10275.7+0.462262 FWD   (R2 = 0.56)                              (2.8) 
 
Mr values used for developing the above relationships were obtained from the laboratory 
repeated load triaxial test. 
 
2.5.5 Correlation between resilient modulus and stabilometer 
 
The stabilometer was originally developed by Hveem from the late 1920s through the 1930s. 
In the beginning, the main application of the stabilometer was for asphalt concrete, but was 
eventually expanded to soils. The stabilometer value or S-value is used when the stabilometer 
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test is carried out on the asphalt concrete material and the resistance value or R-value is 
obtained for the compacted soil materials. More details about the stabilometer testing 
methods can be found in the ASTM D2844M (2013), AASHTO T190 (1993) and CTM 301 
(2000). In 1982, the Asphalt Institute proposed the following relationship, which relates Mr to 
the R-value:  M(psi) = A + B(R)                        (2.9) 
  
Where: A = coefficient of regression (772 to 1155) 
 B = coefficient of regression (369 to 555) 
 R = stabilometer value (lbs)  
 
Yeh and Su (1989) established Equation 10 for the Colorado soils.  
  
                
( )rM =3500+125 R                        (2.10) 
 
In addition, the AASHTO pavement design guide (2008) also proposed a correlation, which 
is valid for fine-grained soils with R-values less than or equal to 20, as below: 
 
( )rM =1155+555 R                        (2.11) 
 
The National Highway Cooperative Research Program Project 1-28A (2004) reported a 
similar equation. 
 
( )rM =1.0+0.555 R                                (2.12) 
 
It should be noted that the testing nature of these two methods are different. In the 
stabilometer test, the vertical pressure is kept constant and the horizontal pressure is changed 
during the testing period. Whereas, in the repeated load triaxial test, the horizontal pressure or 
the confining stress is kept constant and the vertical pressure or the deviator stress is changed. 
 
2.5.6 Correlation between resilient modulus and plate load test  
 
The plate load test is a field test to measure the bearing capacity of soil under a given load. 
The applications of the plate load test are for foundation design, soil-structure interaction 
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studies and the design of pavements. The equipment consists of a steel plate placed at the 
proposed level of the foundation that is subjected to incremental loading. The dimension of 
the plate can be 300 mm to 760 mm in diameter and the shape can be square, rectangular or 
circular (Jones 1997; Moayed and Janbaz 2009). During the test, the deflection of the soil 
corresponding to each load increment is recorded. One of the parameters obtained from the 
field plate load test is the modulus of subgrade reaction ks, which is also referred to as the 
coefficient of elastic uniform compression. 
 
It is well known that the performance of subgrade generally depends on its load bearing 
capacity. Based on the assumption that the subgrade material is linear elastic, a theoretical 
relationship between the modulus of the subgrade reaction and Mr of subgrade is suggested in 
the AASHTO pavement design guide (2008). 
 
Mr (psi) = 19.4 (ks)                              (2.13) 
 
Where: ks = modulus of subgrade reaction (psi)  
 
In the field, the plate load test can be conducted on top of the fine-grained subgrade soil and 
granular materials but it is costly to conduct a plate load test at depths beyond 1 or 2 m below 
ground level. The plate load test is more useful when the pavement material is not easily 
sampled due to its anisotropic or layered nature (Qian et al. 2011). However, it should be 
noted that Mr values obtained from the repeated load triaxial test in the laboratory are often 
different from those that are estimated from the back calculation from the plate load test. 
 
2.5.7 Correlation between resilient modulus and soil suction 
 
In the field, subgrade soils are normally subjected to daily and seasonal variations of soil 
suction. Therefore, the behaviour of unsaturated fined-grained subgrade soils is governed by 
two stress state variables which are net normal stress and matric suction (ψm) (Coleman 
1962). In unsaturated soil mechanics, soil–water characteristic curves are used to describe the 
relationship between the soil suction and the moisture content. The soil–water characteristic 
curves can either be directly measured or indirectly predicted using basic soil index 
properties (Fredlund and Xing 1994; Zapata et al. 2000; Perera et al. 2005; Morvan et al. 
2010; Fredlund et al. 2012). 
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In 1993, Fredlund and Rahardjo found that in unsaturated soils the stress level is mainly 
controlled by the soil suction. In addition, it was observed that Mr of fine-grained soils is not 
only sensitive to the stress level but also to the water content and the capillary suction. Also, 
strong correlation between Mr and matric suction for unsaturated fined-grained subgrade soils 
has been reported (Saucer and Monismith 1968; Edris and Lytton 1976; Parreira and 
Goncalves 2000; Khoury and Zaman 2004; Yang et al. 2005; Liang et al. 2008, Cary and 
Zapata 2011; Nowamooz et al. 2011; Ng et al. 2013). Furthermore, it has been observed that 
Mr decreases when matric suction decreases (Sauer and Monismith 1968; Khoury et al. 2003; 
Yang et al. 2008; Ng et al. 2012). In addition, in 1977, Fredlund et al. demonstrated that Mr 
can be represented in terms of σd, σ3 and ψm. In 2000, Parreira and Goncalves proposed a 
correlation between Mr, σd and ψm for lateritic subgrade soils as below: 
 M = kPσψ            (2.14) 
 
Where: Mr = resilient modulus (MPa) 
             Pa = reference stress (= 100 kPa) 
             σd = deviator stress (kPa) 
             ψm = matric suction (kPa) 
             k1, k2 and k3 = regression coefficients 
 
It should be noted that in Equation 2.14 when the subgrade soil is fully saturated (ψm = 0) Mr 
will be reduced to zero. 
 
In another study in 2005, Yang et al. proposed a model to estimate Mr from the deviator 
stress, effective stress parameter (Bishop 1959) and matric suction for unsaturated fined-
grained subgrade soils. 
 
( )k2r 1 d w mM =k σ +χ Ψ                       (2.15) 
 
Where: Mr = resilient modulus (MPa) 
             σd = deviator stress (kPa) 
             χw = Bishop’s parameter 
             ψm = total matric suction (kPa) 
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             k1 and k2 = regression coefficients 
 
In this equation, it can be seen that when the subgrade soil is fully saturated (ψm = 0) Mr will 
not be reduced to zero, unlike for Equation 2.14. Another advantage of Equation 2.15 is that 
it has only two regression coefficients. 
 
Furthermore, based on the same effective stress approach, Liang et al. 2008 proposed another 
relationship which included both the sum of principal stresses (σsum) and shear stresses (τoct) 
(Equation 2.16). 
 
 M = kP  !" # $%&'!" + 1#                            (2.16) 
 
Where: Mr = resilient modulus (MPa) 
             Pa = reference stress (= 100 kPa) 
             σsum = sum of principal stresses (kPa) 
             χw = Bishop’s parameter 
             ψm = total matric suction (kPa) 
             τoct = octahedral shear stress (kPa) 
             k1, k2 and k3 = regression coefficients 
 
In order to take into consideration of the variation of matric suction and the pore water 
pressure effects, Cary and Zapata (2011) developed another relationship for Mr as shown 
below in Equation 2.17. 
 
                  M = kP )*+,)*∆+./0,1!" # $%&'!" + 1#  )∆ !" + 1#2                    (2.17) 
 
Where: Mr = resilient modulus (MPa) 
             Pa = reference stress (= 100 kPa) 
             σsum = sum of principal stresses (kPa) 
             ua = pore air pressure (kPa) 
             ∆uw-sat = pore water pressure at ψm = 0 (kPa) 
             ψm = total matric suction (kPa) 
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           ∆ψm = relative change in matric suction with respect to the initial matric suction at 
∆uw-sat = 0. 
             τoct = octahedral shear stress (kPa) 
             k1, k2, k3 and k4 = regression coefficients 
 
It should be noted that although fine-grained subgrade soils are usually in unsaturated 
conditions, the effect of matric suction is not always considered in the repeated load triaxial 
test due to the complexities and difficulties in suction control and the measurement during the 
test. 
 
2.6 RESILIENT MODULUS FROM PHYSICAL PROPERTIES 
 
Previous studies show that the soil physical properties have a significant effect on the Mr.  In 
1979, Thompson and Robnett reported that low values plasticity index, liquid limit and 
specific gravity result in a lower Mr value. In addition, Lekarp et al. (2000) found that Mr 
decreases as the amount of fines increases. Moreover, Janoo and Bayer II (2001) noticed an 
increase in the Mr with an increase in maximum particle size. Pezo and Hudson (1994) 
correlated Mr to the soil specimen age and plasticity index. It was observed that the older the 
specimen is at the time of testing, the less the resilient strain, which indicates a higher Mr. 
 
According to George (2004), most of the Mr values used for the pavement design are not 
routinely obtained from the direct tests in the laboratory, but estimated either from experience 
from previous projects or from physical properties. In addition, estimating the Mr from the 
soil physical properties where the direct test is not available is also recommended by 
AASHTO (2008). The major advantage of this approach is that it provides a means to take 
into account seasonal variations in the Mr, which are reflected in the physical properties. 
 
Jones and Witczak (1977) reported two correlation equations for subgrade soils in California, 
combining the moisture content and the degree of saturation. Repeated load triaxial tests were 
performed at deviator stresses of 6, 12, and 18 psi and confining stresses of 2, 4, 6, 8, and 12 
psi. 
 
 
Chapter 2                                                                                                                                       Literature Review 
 
Bao Thach Nguyen – PhD thesis                                                                                                                          43 
 
( ) ( ) ( )rlog M =-0.1328 MC +0.0134 S +2.319   (Disturbed samples) (R2 = 0.94)                     (2.18) 
( ) ( ) ( )rLog M =-0.1111 MC +0.0217 S +1.179 (Undisturbed samples)(R2 = 0.45)                       (2.19) 
 
Where: Mr = resilient modulus (ksi) 
 MC = moisture content (%) 
    S = degree of saturation (%) 
 
In 1986, Carmichael and Stuart, by utilising the data from the Highway Research Information 
Service database, proposed a correlation to predict the Mr from the physical properties, stress 
level and the soil classification according to the Unified Soil Classification system as follows: 
 
                   
( ) ( ) ( ) ( ) ( )
( ) ( )
r 200 3 dM =37.431-0.457 PI -0.618 MC -0.1424 P +0.179 σ -0.325 σ +
36.722 CH +17.097 MH
           (2.20) 
 
Where: Mr = resilient modulus (psi) 
   PI = plasticity index (%) 
   MC = moisture content (%) 
   P200 = percentage of passing #200 sieve (75 micron) (%) 
   σ3 = confining stress (psi) 
   σd = deviator stress (psi) 
   CH = 1 for CH soil 
         = 0 for MH, ML and CL soil 
   MH = 1 for MH soil 
          = 0 for CH, ML and CL soil 
 
Farrar and Turner (1991) conducted an investigation with thirteen fine-grain Wyoming soils 
and proposed a correlation to estimate the Mr index properties and stress level. 
 
( ) ( ) ( ) ( ) ( )r d 3 200M =34280-359 S -325 σ +236 σ +86 PI +107 P                               (2.21) 
 
Where: Mr = resilient modulus (psi) 
   S = degree of saturation (%) 
   σd = deviator stress (psi) 
   σ3 = confining stress (psi) 
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   PI = plasticity index (%) 
   P200 = percentage of passing #200 sieve (75 micron) (%) 
 
In the above correlation, it is observed that the Mr is negatively correlated with the degree of 
saturation and positively with PI and P200. 
 
Rahim and George (2004) investigated the relevance of the soil index properties in predicting 
Mr of 12 fine-grained soils in Mississippi. Their model is presented as shown in Equation 
2.22: 
 
2.06
-0.59
200
r
dr
PLLM =16.75 +
MC×γ 100
    
    
    
                        (2.22) 
 
Where: Mr = resilient modulus (MPa) 
   LL = liquid limit (%) 
   MC = moisture content (%) 
   γdr = dry density (t/m3) 
   P200 = percentage of passing #200 sieve (75 micron) (%) 
 
In 1994, Hall and Thompson reported a model that represents the Mr as a function of the 
percentage of clay, plasticity index and the percentage of organic content:  
 
( ) ( ) ( )( )2rM =6.90+0.0064 C +0.216 PI -1.970 OC R =0.76                                     (2.23) 
 
Where: Mr = resilient modulus at the AASHTO T-99 optimum moisture content and 95% 
compaction (ksi) 
  C = percentage of clay (<2µm) 
  PI = plasticity index (%) 
  OC = percentage of organic content (%) 
 
Moreover, there have been many other attempts to develop prediction equations for the Mr 
from soil physical properties (Lee at al. 1997; Brown and Pappin 1981; Burczyk et al. 1994; 
Santha 1994; Lee at al. 1995; Drumm et al. 1997; Von Quintus and Killingsworth 1998; 
Mohammad et al. 1999; Dai and Zollars 2002). 
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It can be observed from the above equations that moisture content, degree of saturation, 
material passing #200 sieve (75 micron), plasticity index and density are the most common 
parameters used to predict Mr. The applied stresses such as σd and σ3 is only considered in the 
Equation 18. It should be noted that these equations are based on the experimental results 
from the soils used in each corresponding study and can be used only for preliminary 
estimated values of Mr. 
 
2.7 MATHEMATICAL MODELS 
 
It is well known that Mr is stress-dependent. This means that there is a Mr value 
corresponding to a single applied stress. Therefore, it is common to represent Mr in terms of 
the stress parameters. Various mathematical models have been proposed by different 
researchers; a summary of some of these models is presented in Table 2.3. 
 
Table 2.3 Mathematical models of Mr 
 
Equation 
No. Equation Reference 
2.24 
k2
3
r 1
a
σM =k
p
 
 
 
 
Dunlap (1963) 
Monismith et al. 
(1967) 
2.25 
k2
d
r 1
a
σM =k
P
 
 
 
 
Moossazadeh and 
Witczak (1981) 
2.26 
2k
sum
r 1
a
σM =k
P
 
 
 
 Seed et al. (1967) 
2.27 
2 3k k
sum d
r 1 a
a a
σ σM =k P
P P
   
   
   
 Uzan (1985) 
2.28 ( )r 2 3 1 dM =k +k k -σ   1 d(k σ )≥  Thompson and 
Robnett (1979) 
Raad and Figueroa 
(1980) 
2.29 ( )r 2 3 1 dM =k +k k -σ   1 d(k σ )<  
2.30 
2 3k k
sum oct
r 1 a
a a
σM =k P
P P
   τ
   
   
 
Witczak and Uzan 
(1988) 
2.31 
k2
1 2 2 3 3 1
r 1
oct
σ σ +σ σ +σ σM =k
τ
 
 
 
 
Johnson et al. 
(1986) 
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2.32 
k2
1 2 3
r 1
d
σ +σ +σM =k
3
 
 
σ 
 
Tam and Brown 
(1988) 
2.33 
k k2 3
3 d
r 1 a
a a
σ σM =k P
P P
   
   
   
 Pezo (1993) 
2.34 
k k2 3
3 d
r 1
a a
σ σM =k +1 +1
P P
   
   
   
 
Hopkins et al. 
(2001) 
2.35 
k k2 3
3 d
r 1 a
a a
σ σM =k P +1 +1
P P
   
   
   
 Ni et al. (2002) 
2.36 
k k2 3
sum oct
r 1 a
a a
σM =k P +1
P P
   τ
   
   
 
National Highway 
Cooperative 
Research Program 
Project 1-37A 
(2004) 2.37 
k k2 3
sum d
r 1 a 2 3
a a
σM =k P +1 ( )
P P
   σ
σ = σ   
   
 
2.38 
k k2 3
sum 4 oct
r 1 a 5
a a
σ 3kM =k P +k
P P
   
− τ
   
   
 
National Highway 
Cooperative 
Research Program 
Project 1-28A 
(2004) 
2.39 
k k2 3
sum d
r 1 a
a a
σ σM =k P +1 +1
P P
   
   
   
 
Ooi et al. (2004) 
2.40 
k k2 3
sum oct
r 1 a
a a
σM =k P +1 +1
P P
   τ
   
   
 
2.41 ( ) 1
k k2 3
sum 4 oct
r 1 a 5 1
a a
σ 3kM =k P +k u u
P P
β
α ω
   
− τ
+α −   
   
 Gupta et al. (2007) 
 
Where:   Mr = resilient modulus (MPa) 
   k1, k2, k3, k4 and k5= regression coefficients.  
  α1 and β1 = regression coefficients.  
  σ3 = confining stress (kPa) 
  σd = deviator stress (kPa) 
  σsum = sum of principal stresses (kPa) 
  τoct = octahedral shear stress (kPa) 
 Pa = reference stress (= 100 kPa) 
 (uα - uω) = matric suction (kPa) 
 
It can be seen from Table 2.3 that in Equation 2.24, the effect of σd on Mr is not considered. 
This model has been more widely used for unbound granular materials where σ3 is more 
important to hold the sample particles together. On the other hand, the effect of σ3 on Mr is 
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not included in Equations 2.25, 2.28 and 2.29. For fine-grained soils, the influence of σ3 on 
Mr is insignificant because the overall strength of fine-grained soils is basically from the 
cohesion rather than from the friction or interlocking of particles (Nguyen and Mohajerani 
2015). Moreover, it is also noticed that regardless of the values of σd and σ3, same sum of 
principal stresses will always give the same Mr values from Equation 2.26. This means that 
Equation 2.26 cannot be used to characterise the influence of σd and σ3 on Mr individually. 
Furthermore, in order to consider the change of normal and shear stress during the loading 
period, octahedral shear stress is introduced in Equations 2.36, 2.38, 2.40 and 2.41. In 
addition, it can be seen from Table 2.3 that Mr results, from a repeated load triaxial test, are 
more common to be reported as a function of the applied stresses, rather than strains. The 
main reason behind this process is to illustrate the fundamentally stress-dependent property of 
the Mr. 
 
2.8 FACTORS AFFECTING THE RESILIENT MODULUS 
 
Technically, the Mr is a complicated parameter in nature for illustrating the non-linear 
behaviour of the pavement materials under dynamic traffic loading. Over the last decade, 
many studies have been carried out to investigate the factors that can affect Mr of subgrade 
soils. Basically, the main factors are the applied stresses, moisture content and density. 
 
2.8.1 Effect of applied stresses 
 
Due to the nature of the repeated load triaxial test, the Mr is obviously stress-dependent (Rada 
and Witczak 1981). The two main different types of stress that affect the Mr are the deviator 
and confining stresses. These stresses are used in the repeated load triaxial testing method. 
 
The results from several studies have shown that the Mr of fine-grained soils is significantly 
influenced by the magnitude of σd. Generally, the Mr of fine-grained soils decreases with an 
increase in σd. Mr of cohesive soils is usually described as a function of σd. Moreover, at a 
low level of σd, Wilson et al. (1990), Drumm et al. (1990), Thompson and Robnett (1979) 
and Nguyen and Mohajerani (2014) reported that the Mr for fine-grained soils decreases 
greatly when σd increases. Figure 2.4 illustrates the relationship of the Mr and σd at a constant 
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σ3 of 27.6 kPa for eight fine-grained soils based on the experimental data from the study of 
Nguyen and Mohajerani (2014) 
 
 
Figure 2.4: Relationship between Mr and σd at a constant σ3 of 27.6 kPa (Nguyen and 
Mohajerani 2014). 
 
It can be observed from Figure 2.4 that the increase of σd initially reduces the Mr values and 
then Mr remains almost constant for σd greater than about 50 kPa, for the fine-grained 
experimental soils used in the study.  
 
Most studies on subgrade soils show that the Mr of fine-grained soils does not depend on the 
confining pressure (Thomson and Robnett 1976; Pezo and Hudson 1994; Rada and Witczak 
1981; Nguyen and Mohajerani 2014). Furthermore, Seed et al. (1962) also reported that the 
confining pressure in the subgrade soil layer of pavement structure is normally less than 35 
kPa. Figure 2.5 shows the relationship between the Mr and σ3 at a constant σd of 37.3 kPa for 
eight fine-grained soils. 
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Figure 2.5: Relationship between Mr and σ3 at a constant σd of 37.3 kPa (Nguyen and 
Mohajerani 2014). 
 
For the granular materials, Kolisoja (1997) concluded that stress level is a factor that 
significantly affects Mr. It have been found that Mr of granular materials is highly dependent 
on σsum and σ3 (e.g., Morgan 1966; Hicks and Monismith 1971; Brown and Hyde 1975; 
Sweere 1990; Kolisoja 1997). Technically speaking, Mr increases with the increasing σsum 
and σ3. Furthermore, Morgan (1966) also reported that Mr slightly decreases with increasing 
σd and constant σ3. Moreover, it was also reported that the Mr increased as σ3 increased (e.g., 
Hicks and Monismith 1971, Brown and Hyde 1975). 
 
Technically, in the field, pavement construction requires subgrade soils to be compacted at or 
near OMC. Over the service life of the pavement, moisture content in the subgrade soils 
changes as a result of the environment and traffic loading, especially when a drainage system 
is not adequately designed or functioning. Therefore, in the field condition, the subgrade soil 
can be under the undrained, drained or partially drained conditions. And the effect of σ3 on 
Mr is also heavily dependent on drainage condition. It should be noted that in a standard 
repeated load triaxial test for fine-grained soils, the effect of excess pore pressure in fine-
grained soil samples on Mr is not usually considered due to the undrained testing condition.  
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2.8.2 Seasonal effect on resilient modulus of subgrade soils 
 
As mentioned earlier, Mr of fine-grained soil has been found to vary significant with post-
construction moisture content. Mr decreases with an increase in the moisture content 
(Fredlund et al. 1977; Drumm et al. 1997; Mohammad et al. 1999; Hopkin et al. 2014; Ooi et 
al. 2004; Nguyen and Mohajerani 2014; Pezo et al. 1992; Huang 2001; Butalia et al. 2003; 
Heydinger 2003; Wolfe and Butalia 2004; Richter 2006; Zaman and Khoury 2007; Cary and 
Zapata 2010). When the moisture content of fine-grained soils increases, the stiffness tends to 
decrease, and, therefore, the Mr value reduces. Furthermore, Heydinger (2003) also stated 
that the moisture content is the primary variable to predict the seasonal variation of the Mr for 
fine-grained soils. Figure 2.6 illustrates the change of the Mr with moisture content. The 
sequence number is from the AASHTO T309-99 (2007) testing method. Basically, there are 
four different moisture content levels in Figure 2.6 including the optimum moisture content 
(OMC), dry of OMC (OMC - 2.5%), wet of OMC (OMC + 2.5%) and soaked condition. 
 
 
Figure 2.6: The effect of moisture content on Mr (Nguyen and Mohajerani 2015). 
Figure 2.6 clearly shows that as the moisture content increases, Mr decreases. It is also 
noticed that specimens that have been compacted in soaked conditions exhibit significantly 
lower values of Mr. It should be noted that, in the field, the subgrade soil is suggested to be 
compacted close to the OMC initially in order to achieve the maximum dry density. Over the 
service life of the pavement, under the changes of the seasonal climate and the drainage 
conditions, the moisture content of the subgrade soils underneath the pavement eventually 
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changes to the wet side of the OMC. For instance, Uzan (1998) found that the subgrade soils 
showed an increase in moisture content to about 30% higher than the plastic limit of the soil 
during the first five years of pavement service life. Moreover, it was also reported that the 
moisture content of the subgrade soils would change until reaching the equilibrium moisture 
content (Uzan 1998; Elfino and Davidson 1989; Thadkamalla and George 1995). In addition, 
Von Quintus and Killingsworth (1998) also found that moisture content of the 59 subgrade 
soils in the field was always at the wet side of OMC. This report confirmed that the moisture 
content of subgrade soils increases in the post-construction. In addition, Von Quintus and 
Killingsworth (1998) found that the moisture content of 59 subgrade soils in the field was 
always at the wet side of OMC. This report confirmed that the moisture content of subgrade 
soils increases after the construction. 
 
Furthermore, it is well known that in the field, a subgrade soil is subjected to daily and 
seasonal variations of temperature. Previous experimental studies have reported that 
temperature has significant effect on the subgrade soil behaviour such as swelling and 
shrinkage or shear strength (Romero et al. 2003; Tang et al. 2008; Uchaipichat and Khalili 
2009). At a very low temperature, such as below freezing, the moisture in the subgrade soil 
voids is frozen due to the penetration of freezing temperature. The freezing of subgrade soil 
moisture transforms a soft fine-grained subgrade material into a semi-rigid material which 
may increase the Mr value. On the other hand, after the thawing, the soil becomes softer and 
loses its strength significantly (Hardcastle 1992). Moreover, the study by Scrivner et al. (1969) 
showed that freezing can decrease the surface deflection of pavement significantly whereas 
thawing can cause an immediate increase of deflection. 
 
Besides the moisture content, the dry density of fine-grained soils also significantly affects 
the Mr (Drum et al. 1997; Smith and Nair 1973; Chou 1976; Allen 1996; Mooney et al. 2010; 
Von Quintus 2010). It has been observed that the Mr increases when the dry density increases. 
As the density of any soil increases, less volume is occupied by the voids, which, 
consequently results in an increase in the Mr value. Compared with the effect of moisture 
content and applied stresses on the Mr, this influence is small (Rada and Witczak 1981). 
Technically speaking, at any dry density level, the Mr has two values: one when the soil is 
tested under dry side of OMC and another value when the soil is tested under the wet side of 
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OMC. The Mr of the soil compacted on the dry side of OMC is larger than that when the soil 
is compacted at the wet side of OMC. Moreover, in 1997, Drumm et al. studied the variation 
of the Mr with a post-compaction increase in moisture content. Soil samples were prepared at 
maximum dry density and OMC. For the post-compaction, the moisture content of the 
samples was increased, which caused a reduction in Mr. It was recommended that the 
combination of high moisture content and poor compaction of subgrade soils which can later 
decreases Mr significantly should be avoided. 
 
2.8.3 Effect of fine contents 
 
The influence of fines content on Mr value has been investigated by several researchers such 
as Hicks and Monismith (1971), Thom and Brown (1987), Barksdale and Itani (1989) or 
Kamal et al. (1993). Hicks and Monismith (1971) studied the effect of fine content on 
partially and fully crushed aggregates. They found that Mr of the partially crushed aggregates 
decreases with increase of the fines content and Mr of the fully crushed aggregates reduces 
with decrease of the fines content. On the other hand, Barksdale and Itani (1989) found that 
Mr decreases 60% when fines content increased from 0% to 10%. Moreover, it was observed 
that Mr is generally decreases as the fine contents increases (e.g., Thom and Brown 1987, 
Kamal et al. 1993, Kancherla 2004). 
 
 
2.8.4 Effect of material type 
 
 
The significant impact of the materials type on Mr has been observed by various researchers 
(e.g., Hicks 1970, Hicks and Monismith 1971, Barksdale and Itani 1989, Thom and Brown 
1989, Heydinger et al. 1996). For example, Heydinger et al. (1996) found that gravel has the 
higher Mr than limestone and slag. And slag has the lower Mr than limestone.  
 
Beside the conventional materials, recycled materials have been recently used extensively for 
the pavement, and researchers expand their study on effect of material types on Mr to include 
the most used recycles materials. For instance, Alam et al. (2010) found that Mr values 
increased with increased reclaimed asphalt pavement (RAP) content in the pavement 
materials. Furthermore, Kang et al. (2011) also observed that Mr increased when RAP was 
added into virgin granular materials. In addition, Leite et al. (2011) also concluded that 
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recycled materials and a standard well-graded crushed stone had similar laboratory testing Mr 
values. 
 
2.9 SOME TYPICAL RESILIENT MODULUS VALUES 
 
Table 2.4 describes the ranges and typical Mr values of fine-grained soils compacted at the 
optimum moisture content according to USCS classification systems (National Highway 
Cooperative Research 2004).  
 
Table 2.4 Ranges and typical Mr values of fine-grained soils according to the USCS 
classification system  
 
Soil 
classification 
Mr range 
Typical Mr (MPa) 
Low (MPa) High (MPa) 
ML 117.2 175.8 137.9 
MH 55.2 120.7 79.3 
CL 93.1 165.5 117.2 
CH 34.5 93.1 55.2 
SM 193.1 258.6 220.6 
SC 148.2 193.1 165.5 
GM 227.5 289.6 265.4 
GC 165.5 258.6 148.2 
 
It can be seen from Table 2.4 that the effect of the soil type on Mr is significant. For example, 
the gravelly silt, GM, the soil has the highest Mr value of 265 MPa, whereas the clay soil with 
high plasticity, CH, has the lowest Mr value of 55.2 MPa. This is due to the influence of the 
physical properties of these materials on Mr. It should be noted that the ranges and typical 
values of Mr reproduced in Table 2.4, from USCS Classification System, should be used only 
for preliminary and approximate evaluations of Mr of soils. 
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The ranges and typical Mr values of granular materials at the optimum moisture content 
according to the USCS soil classification system can be seen from Table 2.5 (NCHRP 1-37A 
2004). 
 
Table 2.5 Ranges and typical resilient modulus values of granular materials at the optimum 
moisture content (NCHRP 1-37A 2004). 
USCS 
Symbol 
Descriptions 
Resilient modulus 
(MPa) 
Typical 
Resilient 
modulus (MPa) Low High 
GW Gravel or sandy gravel, well graded 272 290 283 
GP Gravel or sandy gravel, poorly graded 245 276 262 
GM Silty gravel or silty sandy gravel 228 290 265 
GC Clayed gravel or clayed sandy gravel 166 259 148 
SW Sand or gravelly sand, well graded 193 259 221 
SP Sand or gravelly sand, poorly graded 166 228 193 
SM Silty sand or silty gravelly sand 193 259 221 
SC Clayed sand or clayed gravelly sand 148 193 166 
 
Furthermore, Austroads pavement design guide (2012) also provides the presumptive Mr 
values for unbound granular materials under thin bituminous surfacing, as given in Table 2.6. 
The Austroads design guide also suggests using the maximum Mr values when other more 
reliable information is unavailable. 
 
Table 2.6 The presumptive Mr values for unbound granular materials under thin bituminous 
surfacing (Austroads 2012). 
Materials 
Resilient modulus 
(MPa) Typical Resilient 
modulus (MPa) 
Low High 
High standard crushed rock base course 300 700 500 
Normal standard crushed rock for base course 200 500 350 
Base quality gravel 150 400 300 
Sub-base quality materials 150 400 250 
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Moreover, due to the increasing scarcity of economical virgin aggregate supplies, in recent 
years, recycles materials such as recycled concrete aggregate (RCA) or reclaimed asphalt 
pavements (RAP) have become valuable resource as the replacement materials in pavement 
base and sub-base (Nunes et al. 1996, Taha et al. 2002, Akbulut and Gurer 2007, Rodgers et 
al. 2009, Aatheesan et al. 2010, Ali et al. 2011, Hoyos et al. 2011, Puppala et al. 2011, 
Arulrajah et al. 2012 and Piratheepan et al. 2013). Comparing to the virgin materials, it has 
been reported by various research works that Mr values of RAP were higher than the virgin 
aggregate base and sub-base materials (Bennert et al. 2000, Kim and Labuz 2007, 
Abdelrahman et al. 2010 and Cosentino et al. 2012). Furthermore, another study conducted 
by Arulrajah et al. (2013) also found the significant effect of moisture content on the Mr 
value for the recycled concrete aggregate. The range of Mr values for some recycled materials 
(RAP and RCA) from these studies is presented in the below table 
 
Table 2.7 The range of Mr values for some recycled materials (RAP and RCA) from various 
studies 
References Range of Mr (MPa) Comments 
Bennert et al. (2000) 210 – 380 100% RAP 
Kim and Labuz (2007) 125 – 700 4% RAP 
Abdelrahman et al. (2010) 170 – 349 100% RAP 
Cosentino et al. (2012) 140 – 350 100% RAP 
Arulrajah et al. (2013) 
192 – 611 
 
632 – 1,406 
401– 1,660 
– RCA at 70%, of optimum 
moisture content (OMC) 
– RCA at 80% of OMC 
– RCA at 90% of OMC 
 
 
2.10 SUMMARY 
 
Flexible pavement is a complex structure with several different material layers including 
sprayed seal surface, base, subbase and subgrade soil. Naturally, these pavement materials are 
different in physical and mechanical properties. In order to characterise the dynamic 
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behaviour of these pavement materials under the traffic loading, resilient modulus (Mr) is 
recommended for pavement design. 
 
This paper has reviewed and discussed the resilient modulus and testing methods for fine-
grained subgrade soils. The following main points have been discussed in detail. 
 
• The current widely used testing standard method for the determination of resilient 
modulus is the repeated load triaxial test, according to the AASHTO T 307-99 (2007) 
and Long Term Pavement Performance Protocol P46 (1996). 
 
• The repeated load triaxial test for the determination of Mr has several advantages. The 
main advantage is the different stress levels that can be applied to a specimen in order 
to simulate the field conditions of the actual flexible pavement. In addition, a loading 
waveform in different shapes, such as haversine or rectangular, has also been created 
by the testing equipment. Moreover, apart from the determination of Mr, it is also 
possible to determine the Poisson’s ratio if radial displacement transducers are 
installed on the sample. 
 
• Due to the time-consuming, expensive and complicated nature of the repeated load 
triaxial test, there have been several attempts to correlate Mr with other mechanical 
properties of subgrade soils, such as CBR, unconfined compressive strength, DCP, 
falling weight deflectometer, stabilometer, plate load test and seismic modulus test. 
However, it is noted that these reported relationships are empirical, whereas Mr is a 
mechanistic parameter and is dependent on the soil physical as well as the level of 
stresses. 
 
• In addition, when employing the stabilometer for the estimation of Mr, it should be 
remembered that the nature of these two testing methods are different. In the 
stabilometer test, the vertical pressure is kept as constant and the horizontal pressure 
is changed during the testing period. Whereas, in the repeated load triaxial test, the 
horizontal pressure or the confining stress (σ3) is kept as constant and the vertical 
pressure or the deviator stress (σd) is changed. 
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• Regarding the correlation of Mr and plate load test, it should be noted that Mr obtained 
from the repeated load triaxial test in the laboratory is often different from the Mr that 
is estimated from the back calculation from plate load test. 
 
• Furthermore, several studies have reported that the matric suction of unsaturated fine-
grained subgrade soils have a strong correlation with Mr. And Mr decreases when 
matric suction decreases. It has been found that the mathematical models for the 
estimation of Mr include σd, σ3 and matric suction performed better in characterising 
the resilient behaviour of subgrade soils. 
 
• Moreover, there have been attempts to predict Mr from the soil physical properties 
such as plasticity index, liquid limit and specific gravity, the amount of fine content, 
particle size, moisture content, degree of saturation, soil classification, dry density and 
percentage of organic content. It has be observed that moisture content, degree of 
saturation, material passing #200 sieve (75 micron), plasticity index and density are 
the most common parameters used to predict Mr. The applied stresses such as σd and 
σ3 which obviously have significant influence on Mr has not been considered in most 
of the developed predictive equations. It should be noted that all the predictive 
equations are based on the experimental results from the limited number of soils used 
in each study and can be used only for preliminary studies. 
 
• It is well-known that applied stresses have significant influence on Mr. Therefore, Mr 
is commonly reported as a function of these stresses by using various reported 
mathematical models. Furthermore, it has been found that σd has significant effect on 
Mr of fine-grained soils. When σd increases, Mr decreases. 
 
• On the other hand, it has been found that the effect of σ3 on Mr for fine-grained soils 
is insignificant. However, the effect of σ3 on Mr is also heavily dependent on drainage 
condition. It should be noted that in a standard repeated load triaxial test for fine-
grained soils, the effect of excess pore pressure in fine-grained soil samples on Mr is 
not usually considered due to the undrained testing condition.  
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• Regarding the variation of the moisture conditions, it has been found that over the 
service life of the pavement, under the changes of the seasonal climate and the 
drainage conditions, the moisture content of the fie-grained subgrade soils underneath 
the pavement eventually changes from optimum moisture content (OMC) to the wet 
side of the OMC. 
 
• Furthermore, it is well known that in the field, subgrade soil is subjected to daily and 
seasonal variations of temperature. At low temperatures such as below freezing, the 
moisture in the subgrade fine-grained soil is frozen due to the penetration of freezing 
temperatures. This transforms a soft soil into a relatively rigid material with higher Mr. 
On the other hand, at the thaw conditions, a subgrade fine-grained soil becomes softer 
and loses its strength significantly below the design Mr value. 
 
• Regarding the effect of the metric suction, although fine-grained subgrade soils are 
usually in unsaturated conditions, the effect of matric suction is not always considered 
in the repeated load triaxial test due to the complexities and difficulties in suction 
control and the measurement during the test. 
 
• Finally, the standard repeated load triaxial testing method is relatively expensive, time 
consuming and complicated and a highly skilful operator is required for the test. 
Furthermore, the results from a standard testing method are usually tabulated for 
different stress levels and Mr is provided as a function of deviator stress and the 
confining stress. Several researchers have attempted to simplify the standard testing 
method, however there is not a simple, inexpensive and generally accepted technique 
and testing method available. 
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3.1  INTRODUCTION 
 
This chapter presents the experimental materials used in this study. As mentioned earlier in 
the literature review, flexible pavement consists of several layers of different materials. These 
pavement materials have different physical and mechanical properties. Technically speaking, 
there are two common types of material used in flexible pavement – fine-grained subgrade 
soils and granular materials. The physical and mechanical properties are determined. 
 
3.2  FINE-GRAINED SUBGRADE SOILS 
 
In the current study, different fine-grained subgrade soils which were obtained from various 
locations in Melbourne, Victoria were used for the experimental works. A summary of the 
physical properties of these soils is provided in Table 3.1 
 
Table 3.1 Physical properties of fine-grained soil samples used in this study. 
Sample 
USCS 
Symbol 
OMC 
(%) 
MDD 
(t/m3) 
LL 
(%) 
PL 
(%) 
PI 
(%) 
Location 
S1 CL 26.8 1.41 39.1 24.1 15.0 Featherbrooke Estate, Point Cook 
S2 CL 19.5 1.49 25.3 18.2 7.1 Deer Park Bypass, Deer Park 
S3 CL 20.1 1.57 31.8 22.1 9.7 Waverley Park Estate, Mulgrave 
S4 CH 22.9 1.67 56.0 23.4 22.6 Garnet Street, Ferntree Gully 
S5 CL 19.6 1.52 25.4 13.7 11.7 Kingsley Avenue, Point Cook 
S6 SC 17.0 1.81 31.0 21.0 10.0 Processed quarry by-product 
S7 SC 14.0 1.84 25.9 17.0 8.9 Processed soil 
S8 SC 15.0 1.82 24.4 16.8 7.6 Processed soil 
*Point Cook is located 25 km west of Melbourne’s central business district and is belonged to 
the undifferentiated quaternary sediments. The sample obtained from this suburb is generally 
dark with brown colour. Located on the same side as Point Cook, Deer Park is about 17 km 
from Melbourne. The soil sample collected from here has a reddish brown colour with traces 
of organic material. Located in the opposite side, Mulgrave is about 22 km south east of 
Melbourne and is part of Brighton group. The soil obtained from this suburb has reddish 
yellow colour. Ferntree Gully is situated 29 km east of Melbourne and is located in the Mt 
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Dandenong volcanic group. The sample obtained is light grey clay with traces of small stones 
were present in the sample.  
 
The physical properties of these fine-grained subgrade soils were determined according to the 
Australian Standard. (AS1289.3.1.1, AS 1289.3.2.1 and AS 1289.5.1.1). 
 
In order to fulfil the main objective, the soil samples were compacted at the standard 
compaction effort (AS 1289.5.1.1, 2003) with three identical samples per testing condition. In 
order to investigate the effect of moisture content on the DLPI, individual soil samples were 
prepared at four different moisture contents – OMC, dry and wet of OMC and at the soaked 
condition. The dry and wet side of the OMC were taken at approximately ± 2.5 % of the 
OMC, which provided a variation range of 5% of OMC for the investigation. The soaked 
condition was achieved by soaking the compacted soil sample at OMC in the water for four 
days. More details of all the soil samples are shown in Table 3.2 
 
Table 3.2 Moisture content level for all the experimental soil samples 
Sample Moisture Content (%) Dry Density (t/m3) Comments 
S1-O 26.8 1.41 OMC 
S1-W 30.0 N/A Wet of OMC 
S1-D 24.0 N/A Dry of OMC 
S1-S 37.0 N/A Soaked condition 
S2-O 19.5 1.49 OMC 
S2-W 23.0 N/A Wet of OMC 
S2-D 17.0 N/A Dry of OMC 
S2-S 29.0 N/A Soaked condition 
S3-O 20.1 1.57 OMC 
S3-W 23.0 N/A Wet of OMC 
S3-D 17.0 N/A Dry of OMC 
S3-S 27.0 N/A Soaked condition 
S4-O 20.4 1.67 OMC 
S4-W 23.0 N/A Wet of OMC 
S4-D 18.0 N/A Dry of OMC 
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S4-S 27.0 N/A Soaked condition 
S5-O 17.5 1.52 OMC 
S5-W 20.0 N/A Wet of OMC 
S5-D 15.0 N/A Dry of OMC 
S5-S 24.0 N/A Soaked condition 
S6-O 17.0 1.81 OMC 
S6-D 14.5 N/A Dry of OMC 
S6-S 19.5 N/A Soaked condition 
S7-O 14.0 1.84 OMC 
S7-W 16.5 N/A Wet of OMC 
S7-D 11.5 N/A Dry of OMC 
S7-S 18.9 N/A Soaked condition 
S8-O 15.0 1.82 OMC 
S8-W 17.5 N/A Wet of OMC 
S8-D 12.5 N/A Dry of OMC 
S8-S 19.6 N/A Soaked condition 
 
3.3  GRANULAR MATERIALS 
 
Furthermore, different granular materials which are covered a wide range of granular 
materials used in base and sub-base road and pavement constructions were also collected and 
used in this study. These materials were obtained from different sources in Victoria including 
Alex Fraser Group, Kilmore quarry, local quarries in Geelong and Australian Slag 
Association. Total of fourteen samples were obtained and are classified in 4 groups including 
VicRoads class 1, class 2, class 3 and class 4 crushed rocks, reclaim asphalt, aggregate and 
furnace slag as shown in the Table 3.3 
 
Table 3.3 Experimental coarse-grained materials used in this study. 
Sample Material type Source 
UGM1 20 mm class 1 crushed rock* Alex Fraser Group 
UGM2 20 mm class 2 crushed rock* Alex Fraser Group 
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UGM3 10 mm class 2 crushed rock* Alex Fraser Group 
UGM4 20 mm class 3 crushed rock* Alex Fraser Group 
UGM5 20 mm class 4 crushed rock* Alex Fraser Group 
UGM6 20 mm reclaimed asphalt Alex Fraser Group 
UGM7 7 mm basalt aggregate Kilmore quarry 
UGM8 10 mm basalt aggregate Kilmore quarry 
UGM9 14 mm basalt aggregate Kilmore quarry 
UGM10 7 mm crushed river aggregate Local quarry in Geelong 
UGM11 14 mm crushed river aggregate Local quarry in Geelong 
UGM12 
20 mm air cooled blast furnace 
slag 
Australian Slag Association 
UGM13 20 mm steel furnace slag Australian Slag Association 
UGM14 20 mm electric arc furnace slag Australian Slag Association 
*UGM1, UGM2, UGM3, UGM4 and UGM5 are classified according to VicRoads (Vicroads 
specification section 812 2011) 
 
3.4  SUMMARY 
 
In this study, eight different fine-grained subgrade soils and fourteen different granular 
materials were used for the experimental works. These materials were collected from various 
locations in Victoria and were covered a wide range of the flexible pavement materials. For 
the fine-grained subgrade soils, the physical properties were determined according to the 
Australian Standard (AS1289.3.1.1, AS 1289.3.2.1 and AS 1289.5.1.1). 
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4.1 INTRODUCTION 
 
This study was mainly a laboratory based research so several tests were used, including the 
repeated load triaxial test to determine Mr, the dynamic cone penetrometer, miniature 
pressure gauge to measure σ3 during the dynamic cone penetration test in the CBR mould, the 
CBR testing equipment, the Clegg impact hammer and other standard equipment for testing 
the physical properties of the materials. Furthermore, this research work also investigated the 
application of a computer based method to estimate Mr of granular materials. Therefore, a 
numerical method, specifically, the discrete element method, was also employed in the study. 
 
4.2 REPEATED LOAD TRIAXIAL TEST 
4.2.1  Fine-Grained Subgrade Soils 
 
Since the pavement materials are subjected to a series of distinct load pulses, a laboratory test 
that can simulate this condition is desirable. The repeated load type of test has been used for 
many years to simulate vehicle loading. In the repeated load triaxial test, soil specimens are 
subjected to a series of load pulses applied with a distinct rest period. Such a condition is 
actually simulating the stresses caused by multiple wheels moving over the pavement. An all-
around confining pressure applied on the specimen simulates the lateral stresses caused by 
the overburden pressure and applied wheel load. There are two main reasons supporting the 
use of the repeated load triaxial test for determination of Mr (Barksdale et al. 1998). Firstly, in 
the triaxial test, predetermined confining and vertical stresses are applied to the specimen. 
Secondly, axial, radial, and volumetric strains can all be measured in the triaxial test. The 
laboratory equipment used in the current study was a universal testing system for repeated 
load triaxial testing (Figure 4.1).  
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Figure 4.1: Repeated load triaxial testing system in RMIT Geotechnical Laboratory 
 
Basically, the system consists of a computer controlled loading frame that can provide a 
cyclic loading on a soil sample mounted inside a triaxial cell. The load is measured by the 
load cell and the deformation is recorded by two linear variable differential transformers 
located on top of the cell. The testing standard AASHTO T307-99 (2007): “Standard method 
of test for determining the Mr of soils and aggregate materials” was employed in this study. 
The sample dimensions used were of 100 mm diameter and 200 mm height. The haversine 
shaped load form was used and a cyclic load duration of 0.1 seconds followed by a recovery 
duration of 0.9 seconds was applied. The details of the loading sequences and the number of 
cycles are shown in the Table 4.1. 
 
Table 4.1 Details of testing sequence for the experimental soils 
Sequence 
number 
Confining stress 
(kPa) 
Deviator stress 
(kPa) 
Contact stress 
(kPa) 
Number of load 
cycles 
(cycle) 
0 41.4 24.8 2.8 1,000 
1 41.4 12.4 1.4 100 
2 41.4 24.8 2.8 100 
3 41.4 37.3 4.1 100 
4 41.4 49.7 5.5 100 
5 41.4 62.0 6.9 100 
6 27.6 12.4 1.4 100 
7 27.6 24.8 2.8 100 
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8 27.6 37.3 4.1 100 
9 27.6 49.7 5.5 100 
10 27.6 62.0 6.9 100 
11 13.8 12.4 1.4 100 
12 13.8 24.8 2.8 100 
13 13.8 37.3 4.1 100 
14 13.8 49.7 5.5 100 
15 13.8 62.0 6.9 100 
 
In the Table 4.1, besides the confining stress and deviator stress, the contact stress is also 
required to maintain a positive contact between the loading pedestal and the sample. The 
value of the contact stress is calculated as 0.4 of the total amount of the deviator stress and 
the contact stress applied on the testing sample. Moreover, according to testing standard 
AASHTO T307-99 (2007), there are 16 steps of repeated loading in the test to cover a wide 
range of typical traffic loading. The first sequence, which is considered as the pre-
conditioning sequence has 1000 loading cycles. The other sequences have 100 loading cycles. 
 
4.2.2 Granular Materials 
 
As mentioned earlier, there are various standard testing methods for the repeated load triaxial 
test for the granular materials. Practically, the testing methods change from one organisation 
to another and normally consist of the details of the repeated vertical force loading cycle, the 
loading waveform, the applied deviator stress and the confining stress. In the current study, 
the repeated load triaxial testing method proposed by Austroads AG:PT/T053: 
“Determination of permanent deformation and resilient modulus characteristic of unbound 
granular materials under drained conditions” was employed. The schematic of the test is 
described in Figure 4.2. 
 
The samples prepared for testing have a diameter of 100 mm and height of 200 mm. The 
diameter of the sample is required to be at least 5 times the maximum particle size of the 
tested material. All the experimental materials have a nominal particle size of 19 mm so the 
diameter selected is 100 mm. In addition, the height of the sample is twice that of the 
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diameter. The preparation and compaction of the sample followed the instruction as clearly 
described in the testing method, in which the sample is compacted inside the split mould 
directly on the bottom plate of the triaxial cell. A modified compaction hammer of 4.9 kg is 
used and the compaction is carried out with 8 layers and 25 blows per layer for each sample. 
A membrane is placed inside the mould under vacuum pressure before the compaction. 
However, due to the nature of the unbound granular materials, the membrane is often 
damaged and a second membrane is required after the compaction. 
 
After the preparation, the confining pressure is produced from a combination of air and water. 
The deviator stress is controlled by the pneumatic actuator. The loading waveform for the 
deviator stress required for the test is illustrated in Figure 4.2 below: 
 
 
Figure 4.2: Illustration of the loading waveform (Austroads AG:PT/T053) 
 
The loading waveform comprises two stages: loading and unloading. The loading stage lasts 
1 second and is followed by a 2 second resting period. 
 
Furthermore, a load cell is mounted outside the cell to measure the applied load. In addition, 
there are two external linear variable differential transformers (LVDT) to capture the resilient 
deformation of the sample during the testing. The testing procedure is completely automated. 
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The test comprises 50 loading sequences with different combinations of the deviator stress 
and confining stress. These loading sequences are recommended by the standard method and 
the details can be seen in Table 4.2 
 
Table 4.2 The loading sequences of the repeated load triaxial test (Austroads AG:PT/T053). 
Stress stage 
number 
Deviator 
stress 
σd (kPa) 
Confining 
stress 
σ3 (kPa) 
Stress 
stage 
number 
Deviator 
stress 
σd (kPa) 
Confining 
stress 
σ3 (kPa) 
Preconditioning 100 50 24 250 50 
0 100 50 25 375 75 
1 150 75 26 500 100 
2 200 100 27 250 50 
3 250 125 28 180 30 
4 300 150 29 300 50 
5 200 100 30 450 75 
6 150 50 31 300 50 
7 225 75 32 180 30 
8 300 100 33 250 40 
9 375 125 34 210 30 
10 450 150 35 280 40 
11 225 75 36 350 50 
12 125 40 37 525 75 
13 100 30 38 280 40 
14 150 40 39 150 20 
15 200 50 40 245 30 
16 300 75 41 325 40 
17 400 100 42 400 50 
18 500 125 43 245 30 
19 300 75 44 185 20 
20 125 30 45 275 30 
21 100 20 46 370 40 
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22 150 30 47 450 50 
23 200 40 48 275 30 
 
From Table 4.2, the test starts with the preconditioning stage of 1,000 cycles. The main 
purpose of the preconditioning stage is to stabilise the sample in case the permanent 
deformation is not carried out beforehand. The other stage consists of 100 cycles. In addition, 
it can be observed from Table 4.2 that there are some duplicate states to verify the results 
during the test. The duplicate loading sequences are 2 and 5; 16 and 19; 24 and 27; 28 and 29; 
31 and 32; 35 and 38; 40 and 43; 45 and 48. 
 
4.3 DYNAMIC CONE PENETROMETER 
 
The early development of the dynamic cone penetrometer (DCP) was reported by Scala from 
Australia in 1959 as an in situ geotechnical assessment technique for evaluating the strength 
of subgrade soils and base and sub base materials of new and existing flexible pavement 
structures (Scala 1959). DCP is also used for the quality control of the compaction of certain 
soils and also in shallow subsurface investigations as an alternative to other expensive and 
time-consuming approaches. Relationships have been developed between DCP and other 
testing methods, for example, California bearing Ratio and Unconfined Compressive Strength 
(Scala 1959, De Beer 1991, Webster et al. 1994 and Chen et al. 1999).   
 
Originally, the DCP apparatus developed by Scala had a cone point angle of 60° and a drop 
mass of 8.0 kg falling 575 mm. The parameters of the DCP, such as the drop mass, the falling 
height and the cone tip design are varied with the testing method from different investigators 
and organizations. Van Vuuren (1969) from South Africa developed and proposed a new 
DCP device with 10 kg mass and 460 mm drop. Van Vuuren also indicated that his DCP is 
applicable for soil materials with CBR values ranging from 1 to 50. The DCP design of the 
American Society for Testing and Material (ASTM) test procedure D6951 uses an 8 kg 
hammer dropping through a height of 575mm and a 60° cone, while the Australian standard 
DCP (AS 1289.6.3.2-1997) uses a 9 kg hammer with a falling height of 510 mm. The 
potential energy per drop for each DCP apparatus is represented in Table 4.3: 
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Table 4.3 Potential energy per drop for different DCP designs. 
DCP design 
Drop mass 
(kg) 
Falling height 
(m) 
Potential energy per 
drop (J) 
Scala (1959) 8.0 0.575 45.1 
Van Vuuren (1969) 10.0 0.460 45.1 
ASTM D6951 (2003) 8.0 0.575 45.1 
AS 1289.6.3.2 (1997) 9.0 0.510 45.0 
 
It can be seen that the potential energy per drop for all the penetrometers listed in the above 
table are equivalent to that of the original design from Scala (1959). The set-up of the DCP 
equipment is similar for different types and testing procedures and is assembled, as shown in 
Figure 4.3 
 
Figure 4.3: Dynamic Cone Penetrometer (AS 1289.6.3.2-1997) 
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In operation, the DCP needs two operators, one to hold the instrument, raise and drop the 
weight and another to record the readings. The DCP is held vertically to the surface of the 
material layer to be tested. The hammer is raised to the stop and falls freely onto the anvil to 
drive the DCP into the soil. The accumulative number of blows and penetration depth is 
recorded during the operation. The slope of the curve defining the relationship between the 
penetration depth and number of blows is represented as the DCP penetration index (DCPI) 
in mm/blow. 
 
The advantages of DCP are that the instrument is low cost, and very easy to set up and 
operate. However, performing the DCP experiment can be labour extensive due to the heavy 
drop mass of the hammer. Parker (1988) and Hammons (1998) proposed an idea for an 
Automated Dynamic Cone Penetrometer. Basically, this penetrometer is a vertical frame with 
wheels for raising and releasing the hammer. The data of penetration is captured and sent to a 
computer. 
 
In a similar attempt, Webster (1992) at the US Army Corps of Engineers proposed the Dual 
Mass Dynamic Cone Penetration, a modified version of the original DCP. In the Dual Mass 
Dynamic Cone Penetration device, the hammer weight decreased to 4.6 kg.  This mass for the 
hammer reduces the DCPI by half of that of the original DCP with a mass of 8 kg. However, 
one operator and one recorder are still required to carry out the Dual Mass Dynamic Cone 
Penetration test. Based on the same objective, Fumio et al. (2004) also developed an 
automated data collection system for portable DCP with a hammer mass of 3 kg. However, 
the use was limited to field surveys and no information was mentioned about the laboratory 
application. 
 
Furthermore, extensive research has been performed to study the factors affecting the DCPI. 
Kleyn and Savage (1982) investigated the effects of moisture content, gradation, density and 
plasticity of soils and concluded that these were important material properties influencing the 
DCPI. In addition, by conducting a study on the influence of several factors on the DCPI, 
Hassan (1996) concluded that moisture content, soil classification, confining pressure and dry 
density affect the DCPI for fine-grained soils.  
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As mentioned earlier, the original DCP was mainly designed for field conditions. The 
application of DCP in the laboratory has rarely been reported. This is due to the effect of the 
vertical confinement mentioned by Hassan (1996) and Livneh et al. (1992). When performing 
the DCP in laboratory conditions inside a compaction mould or a CBR mould the confining 
effect will become very significant and the results will not be comparable with those obtained 
with the same penetrometer and on the same soil in the field. 
 
4.4 MEASUREMENT OF CONFINING PRESSURE IN CBR MOULD 
4.4.1  DCP Test in a CBR Mould and a Large Mould 
 
In this stage, the soil sample mainly used for the experimental work is S-1 and the influence 
of CP on the DCPI was investigated in a simulation of the field conditions. Two sets of the 
DCP tests were performed on compacted soil. One was in a standard CBR split mould (mould 
M1) and the other was in a large cubic mould measuring 700 mm x 700 mm x 700 mm 
(mould M2), as shown in Figures 4.4 and 4.5. Furthermore, in order to achieve comparable 
data between two sets of experiments, the soil was compacted at the same moisture content of 
19.5% and the same density was reproduced.  
 
Figure 4.4: The schematic diagram of DCP test in the CBR mould (M1) 
 
Chapter 4                                                                                                                                         Testing Methods 
 
Bao Thach Nguyen – PhD thesis                                                                                                                          74 
 
 
Figure 4.5: The schematic diagram of DCP test in the large mould (M2) 
 
The larger mould was used to simulate the field conditions by eliminating the confining effect 
of the wall of the mould on CP results.  The fundamental background to simulate the field 
condition comes from the conclusion of Abu Farsakh et al. (2004) and Mohammadi et al. 
(2008). In their investigation of the effect of the mould sidewalls on the DCP test results, they 
proposed that the minimum distance between the cone tip and the edge of the testing mould 
should be 250 mm in order to completely eliminate the mould size effect.  
 
As mentioned earlier, the weight of the hammer used with the CP has a large influence on the 
DCPI.  In order to investigate this, a wide range of hammer weights, including 2.5, 3.5, 4.6, 
6.0, 8.0 and 9.0 kg was selected and used in this study. The range of hammer weights was 
selected based on the literature review and after some trial experiments. For example, the 
selection of 9 and 8 kg hammers are from the AS 1289.6.3.2 (1997) and ASTM D6951 
(2003), respectively. The potential energy per drop for each hammer used in the study is 
presented in Table 4.4. 
 
Table 4.4 Potential energy per drop for different DCP drop mass, used in the study 
DCP Drop Mass 
(kg) 
Falling 
Height 
(m) 
Potential Energy per 
Drop (J) 
9.0 0.510 45.0 
8.0 0.510 40.0 
6.0 0.510 30.0 
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4.6 0.510 23.0 
3.5 0.510 17.5 
2.5 0.510 12.5 
 
4.4.2 Soil Pressure on the Sidewall in the CBR Mould during the DCP Test 
 
In a similar attempt to study the influence of the sidewall effect on the DCPI value, the DCP 
experiment used a miniature pressure transducer. The pressure gauge selected for the 
experiment was 6.5 mm diameter, 1 mm thick with a capacity of 200 kPa – the influence of 
the pressure gauge on the soil sample after instalment was insignificant. 
 
The soil sample was compacted in the CBR split mould at the OMC using the standard 
compaction energy for MDD. After compaction, the mould was split open and a miniature 
pressure gauge was attached to the midpoint of the sidewall of the mould before restoring the 
mould back to the compacted soil. The pressure gauge was connected to a data logger to 
capture the soil midpoint confining pressure in the CBR mould caused by the DCP during the 
test. The setup of this experiment is illustrated in Figure 4.6. 
 
 
Figure 4.6: Experimental set up for measuring soil pressure on the sidewall in the CBR mould 
during DCP test 
 
4.5 CALIFORNIA BEARING RATIO TEST 
 
California bearing ratio (CBR) is the most widely used strength parameter for fine-grained 
subgrade soils in flexible pavement design, while research into the use of resilient modulus in 
pavement design continues (Austroads 2010) 
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The California Bearing Ratio CBR test was developed by the California State Highways 
Department during the early 1930s to evaluate the mechanical strength of subgrades and base 
courses in laboratory conditions. Since then, several countries have developed or adopted 
pavement design methods based on the CBR value of the materials. Technically speaking, the 
CBR test can be carried out in the laboratory (AS 1289.6.1.1 2014, ASTM D1883-07e2 2007) 
or on site (AS 1289.6.1.3 1998, ASTM D4429-09a 2009). 
 
When the standard CBR test is carried out in the laboratory, all stones greater than 19 mm are 
removed. After that, the material is compacted into a standard mould under a standard or 
modified compaction effort and at predetermined moisture content, normally at the optimum 
moisture content. If the test is performed under soaked conditions, then the mould is soaked 
for four days. The penetration is performed with a standard plunger at a specific loading rate, 
e.g., 1 mm/minute. The load required to cause the penetration is then divided by the load 
required to achieve an equal penetration on a standard crushed stone material. The 
penetration depth of 2.5 and 5.0 mm are usually used. In the field, a portable CBR has been 
adopted. The CBR testing apparatus used in this study is shown in Figure 4.7  
 
 
Figure 4.7: CBR testing apparatus 
 
The penetration was measured using a 25 mm strain transducer mounted to the CBR plunger. 
The load was measured by the 50.0 kN S-type load cell. The samples were prepared at 
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different moisture contents and at the standard compaction. The CBR tests were carried out 
according to Australian Standards AS 1289.6.1.1 (2014). 
 
4.6 CLEGG IMPACT HAMMER TEST 
 
In 1960, Asai developed an apparatus that had a falling mass. The acceleration of the falling 
weight was measured and correlated with the modulus of subgrade reaction from the static 
plate load test. In 1970, Szendrei and Freeme improved this equipment by using the 
geophones.  The Clegg impact hammer was developed in 1976 by Baden Clegg in the 
department of civil engineering at the University of Western Australia. The main objective 
was to develop simple equipment for compaction control of road materials in the field by 
evaluating the mechanical properties of the compacted soil. 
 
The design of the Clegg impact hammer is very simple. Basically, the instrument consists of 
a flat-ended cylindrical mass located inside a guide tube. In addition, there is a small digital 
display screen on the tube to show the electrical output from the impact. Basically, there are 
four different versions of Clegg impact hammer available which is depended on the hammer 
masses. They include standard Clegg hammer of 4.5 kg, light Clegg hammer of 0.5 kg, 
medium Clegg hammer of 2.25 kg and heavy Clegg hammer of 20 kg. The 4.5kg hammer is 
used for general purpose applications, while the heavy hammer is used for aggregate testing 
across a large area, such as the top of a base course of flexible pavements, and the two lighter 
hammers are used for turf or sand testing (Clegg 1983, Canaway et al. 1990, Rogers and 
Waddington 1990 and Erchul 1999). More details about different types of Clegg Impact 
hammer are described below: 
 
Table 4.5 Various types of Clegg impact hammer. 
Clegg impact hammer 
type 
Drop weight 
(kg) 
Drop height 
(m) 
Diameter of the hammer 
(m) 
0.5 kg 0.5 0.45 0.05 
2.25 kg 2.25 0.45 0.05 
4.5 kg 4.5 0.45 0.05 
10 kg 10 0.30 0.13 
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20 kg 20 0.30 0.13 
 
The Clegg hammer is operated by manually dropping a flat-ended cylindrical mass of a 
standard weight down a cylindrical guide tube from a standard height onto a sample of a 
material or in situ. The impact of the hammer with the material being tested provides and 
numerical electronic output, referred to as the Clegg Impact Value (CIV), that is measured by 
a precision accelerometer and is proportional to the hammer’s peak deceleration. This 
parameter is used as an indication of the strength or stiffness of the material. One test is 
conducted by dropping the hammer four times, after which the maximum recorded value is 
adopted as the CIV. Obviously, the Clegg impact test provides a material parameter that is 
based on a material’s response to dynamic, rather than static or gradual loading. 
 
The Clegg impact hammer test was conducted in accordance with the ASTM standard 
D5874-02 (2007) “Standard test method for determination of the impact value (IV) of a soil”. 
As mentioned earlier in the literature review, there are four types of Clegg hammer available. 
They included standard Clegg hammer of 4.5 kg, medium Clegg hammer of 2.25 kg, light 
Clegg hammer of 0.5 kg and heavy Clegg hammer of 20 kg. In the current experimental 
program used standard Clegg hammer of 4.5 kg. As mentioned in the scope of the ASTM 
standard D5874-02 (2007), the 4.5 standard Clegg hammer is suitable for soil-aggregate 
having maximum particle sizes less than 37.5 mm. All the materials used in the current study 
have the maximum particle size less than 20 mm. The 4.5 kg standard Clegg hammer 
equipment can be seen from the following figure: 
 
Chapter 4                                                                                                                                         Testing Methods 
 
Bao Thach Nguyen – PhD thesis                                                                                                                          79 
 
 
Figure 4.8: Clegg impact hammer tester 
 
Technically speaking, the sample is compacted in a CBR mould with the modified 
compaction energy. In order to make the data be comparable, the materials were compacted 
at the same moisture content used for the resilient modulus test. Moreover, the compaction 
density is also the same. After the compaction, the surface of the sample is smoothed as 
shown in Figure 4.9. 
 
 
Figure 4.9: Sample in the CBR mould after the compaction 
 
After that, the Clegg impact hammer test is conducted, which involves dropping the hammer 
onto the surface of the sample at a certain height. The digital display on the equipment shows 
the impact of the hammer based on the peak deceleration of the impact with the sample in 
Chapter 4                                                                                                                                         Testing Methods 
 
Bao Thach Nguyen – PhD thesis                                                                                                                          80 
 
unit of tens of gravities. Four successive blows of the hammer are required and the maximum 
output is then registered as the Clegg impact value. 
 
4.7 NUMERICAL METHOD 
 
Unbound granular materials, such as concrete aggregate or sand can be found in the base and 
sub-base layers of the pavement. Basically, they can be considered as a very large assembly 
of independent particles. Due to the discontinuous and inhomogeneous nature of granular 
materials, a particle-based computational method is widely used to investigate the behavior of 
these materials (e.g. Rajamani et al. 2000, Moakher et al. 2000, Cleary and Sawley 2002 and 
Bierwisch et al. 2009). Generally, there are several particle-based methods available, such as 
smoothed particle hydrodynamics, vortex method or dissipative particle dynamics. These 
methods have a wide range of applications in a variety of industries, such as food technology, 
mineral processing, chemical engineering or power metallurgy (e.g. Amlan et al. 1999, 
Cleary and Morrison 2009, Theuerkauf et al. 2003, Raji and Favier 2004 and Brenda et al. 
2010). In the geotechnical field, the discrete element method (DEM) is mainly used. The 
current study employs DEM to simulate the repeated load triaxial test in order to predict the 
resilient modulus for granular materials of the flexible pavement. 
 
Discrete element method (DEM) was originally developed by Cundall and Strack in 1979 and 
is considered a family of numerical methods. Basically, DEM is a computational tool which 
is primarily used for modeling the behavior of granular materials and other discontinuous 
phenomena such as molecules (e.g. Williams et al. 1985, Jensen et al. 2001, Yao and 
Anandarajah 2003).  
 
In the DEM model, materials are represented as assemblies of spherical particles (3D) or 
circular discs (2D) linked together by different bonding models. Each of these particles may 
interact with neighboring particles or with the boundaries via Newton’s law. The 
macroscopic mechanical behavior can be characterized from the force, displacement, sliding 
or rotation at the microscopic level of these particles. Technically, the simulation involves 
two steps. First, all current contacts are identified and the forces are calculated from the 
current positions and velocities based on the force-displacement law for each contact. In the 
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next step, the values of the position and velocity from the previous step become the input and 
are integrated in the equation of motion to determine the new position and velocity for the 
respective particle. The time increases one time step and the calculation is repeated. A typical 
simulation can include millions of time steps. More details about this interaction can be seen 
as follows: 
 
Figure 4.10: The simulation of the interaction of two circular particles 
 
The first DEM model developed by Cundall and Strack (1979) was based on the soft particle 
model. They used a viscoelastic normal force model. The model consisted of a linear spring-
dashpot combination in the normal direction and a spring-dashpot slider in the shear direction. 
 
Over the past thirty years, DEM has rapidly gained popularity as a modeling tool to 
investigate the granular mechanics problems and has been used extensively in both scientific 
and industrial applications (e.g. Kwan et al. 2005, Yang et al. 2006, Zhu et al. 2006, Chung 
and Ooi 2008, Cleary et al. 2008, Härtl and Ooi 2008, Lu and Hsiau 2008, Luding 2008, 
Müller et al. 2008, Chu et al. 2009, Ketterhagen et al. 2009, Maio et al. 2009, Majid and 
Walzel 2009, Naeini and Spelt 2009 and Tao et al. 2010). In soil mechanics and geotechnical 
engineering, DEM is also widely-used to simulate some common tests. For instance, in 2006, 
Cui and O’Sullivan employed DEM to investigate the micromechanics of soil response in the 
direct shear tests. It was observed that there was a match between the physical and simulation 
test results. Another investigation performed by Cui et al. (2007) involved the DEM 
simulations in the triaxial apparatus. And the data from the simulation demonstrated a good 
agreement with the experimental results. In addition, Zeghal (2004) developed a 2D DEM 
model for the resilient modulus test. From the results, it was demonstrated that proposed 
model was capable of predicting the resilient modulus of granular materials. 
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The main advantage of DEM is that it allows a detailed investigation at the grain scale where 
all the action for soil deformation occurs, and, based on these particle scale interactions, the 
soil response at the macro scale can be understood. Moreover, by using DEM, the evolution 
of the inter-particle forces, displacement of individual particles and particle rotations can be 
easily monitored. This kind of investigation is currently impossible to perform in physical 
experiments. In addition, DEM allows simulating problems involving large, localized 
deformations in geomechanics. On contrast, it should be noted that being a numerical model, 
DEM is not exact science. Rather, it is an approximated simulation of the physical reality. 
Therefore, results produced from DEM can be arbitrarily accurate, but time constraints and 
the computing power required to carry out the simulation should be taken into consideration, 
especially in the commercial or consulting area. 
 
It is clearly necessary that the proposed model be verified by comparing with the 
experimental results. And there appears to be no validation against the experimental resilient 
modulus for these reported models. In this study, the laboratory repeated load triaxial test was 
carried out for one of the popular pavement materials used in Victoria, 20 mm class 1 crushed 
rock. The resilient modulus results were then compared with the result from the model. 
 
As mentioned earlier, the discrete element method is very widely used in scientific research 
to run a high precision simulation of the physical phenomena. There are many well developed 
discrete element modelling software available, which, basically, can be classified as either 
open source or commercial. The current study employs the open source ESyS-Particle 
developed by Stefen et al. (2004) as the main tool to simulate the resilient modulus test for 
granular materials. The main advantage of ESyS is that it is classified as high performance 
computing software. Typically, it can run the simulation routinely containing up to 1e7 
particles. Furthermore, ESyS has a good documentation system and support from the 
developer as well as from the community. The limitation of ESyS is that it does not have a 
graphic user interface. The user is required to have a certain level of knowledge and 
experience in the python programming language. 
 
In the current simulation, the DEM model was implemented in three-dimension with 
spherical particles. Because the particle is assumed to be rigid, only the translation and 
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rotation of the particle centroids are considered in the equilibrium equations, which means 
that each spherical particle has six degrees of freedom. In addition, in order to reduce the 
computing cost of the simulation, the resilient behavior of the sample is assumed to be mainly 
affected by the movement of the particles relative to each other rather than the deformation of 
the individual particles. Therefore, the deformation of the particle during the simulation is 
excluded from the governing differential equations. 
 
The first step of the DEM simulation is the sample fabrication and the initial state 
construction of the model, such as the sample density and the stress level. The response of the 
DEM model at a certain discrete point in time is technically determined from the system state 
at the earlier time. Therefore, the initial state of the model is very important to the subsequent 
response of the model at the macroscopic level. Among the input parameters, particle size 
distribution is considered as the most important parameter for setting the initial state of the 
DEM simulation.  
 
By examining the various approaches to the sample fabrication from the literature review, 
Bagi (2005) divided these algorithms into two main methods – dynamic and constructive. In 
the former method, the assembly of particles is adjusted under several simulation time steps 
in order to bring the model to an equilibrium state or to a desired packing density. The sample 
can be under the initial stress level after the fabrication. However, in the constructive method, 
no DEM simulation is involved in the sample fabrication. Basically, the particles are 
randomly placed and touch each other within the sample boundary according to the input 
algorithm designed by the developer. Therefore, the sample is stress-free at the end of the 
fabrication process. Compared with the constructive method, the dynamic method has some 
distinct advantages. The algorithm can achieve a desired compaction density with a 
prescribed particle size distribution. In the current paper, the dynamic method was employed. 
Basically, the particle size distribution of the sample is initially selected. The sample will be 
compacted under isotropic compression until the desired density, which is normally close to 
the maximum dry density. 
 
In the current study, the range of the input particle size distribution is selected based on 
VicRoads specification section 812 - Crushed rock for pavement base and sub-base (Vicroads 
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2011).  According to the specification, the nominal size of the crushed rock can be either 20 
or 40 mm, depending on the material class and the pavement course. In the case of this 
investigation, the particle size distribution for 20 mm class 1 crushed rock for all crushed 
rock from the VicRoads specification section 812 is used and can be seen as follows: 
 
Table 4.6 The standard particle size distributions for 20 mm class 1 crushed rock (Vicroads 
2011). 
Sieve size AS 
(mm) 
Percentage 
passing by mass 
Retained between sieves 
(Percentage by mass) 
26.5 100  
19.0 95 - 100 0 - 5 
13.2 78 - 92 7 - 18 
9.5 63 - 83 10 - 16 
4.75 44 - 64 14 - 24 
2.36 30 - 48 10 - 20 
0.425 14 - 22 14 – 28 
0.075 7 - 11 6 - 13 
 
It can be observed from the above table that the number of particles with sizes larger than 
2.36 mm comprises 80% of the sample by mass. Furthermore, it is well-known that coarse 
sand is classified as particles ranging in size from 0.06 mm to 2.36 mm in diameter (AS 1726 
1993) and gravel ranges from 2.36 mm to about 40.0 mm in diameter (Lambe and Whitman 
1969). Moreover, by considering the computing power, the current work will limit the 
investigation to the application of gravel, which means that the minimum particle size is 2.36 
mm and the maximum particle size is 19 mm. Several simulations were carried out with the 
referenced percentage between sieves by mass from Table 4.6 for the range from 2.36 mm to 
19.0 mm. After the trial and error process, a total of 24,317 particles were found to be 
required to construct the sample. The highest density achieved for the sample after the 
fabrication process is 1,925 kg/m3, which is about 86% of the input value of maximum dry 
density of 2,240 kg/m3. Due to the removal of the particle size less than 2.36 mm before the 
fabrication, it is impossible to achieve 100% of the maximum dry density input value. 
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Table 4.7 Particle size distribution of the sample. 
Sieve size AS 
(mm) 
Retained between sieves 
(Percentage  by mass) 
Particle number 
retained on sieves 
19.0   
13.2 14 191 
9.5 10 387 
4.75 16 3,093 
2.36 13 20,646 
  Total = 24,317 
 
In order to examine the sample fabrication in detail, the data after the sample fabrication 
process were sent to the ParaView software for a three dimensional visualization (ParaView). 
The particle size distribution is presented by the size as well as by the color chart. Basically, 
the dark red color shows the largest particle size, whereas the dark blue color shows the 
smallest particle size. The detailed visualization of the sample after the fabrication is 
illustrated in Figure 4.11. 
 
 
 
Figure 4.11: The visualization of the sample after the fabrication. 
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In the next stage, when the sample fabrication is completed, the contact list for all the 
particles is created by taking a single sphere and searching in the surrounding neighborhood 
for other objects with which it is overlapping. In practice, the searching procedure starts from 
the 1st sphere to the last sphere. 
 
The next step is the force calculation. A sphere may have four or more contacts depending on 
the position. At each contact, a collision model is used to calculate the net force between the 
pair of objects, and, finally, the resultant force on the sphere is resolved in the three 
coordinate directions. Every single particle is tracked in the Lagrangian Frame and the 
explicit first order finite difference time integration scheme is used. The interaction between 
the particles is modelled by a linear spring-dashpot contact. 
 
The integration of the force yields the velocities and position of the sphere. The model uses 
the soft sphere approach to update the position and the velocity of the particle. Only the 
compressive state of contact is considered in the current study. The neighboring particle 
search algorithm implemented in the model is the Verlet neighbor list. The algorithm uses the 
Verlet distance defined by Pöschel and Schwager. If the distance between two particles is less 
than the Verlet distance, the particles are added to a Verlet list, which keeps a record of the 
contacting or potential contacting particles of the system. 
 
As mentioned earlier, the resilient modulus test involves applying a different deviator and 
confining stress stage to the sample.  The stress level during the current simulation is 
controlled by the boundary. Technically speaking, there are four types of boundary. In order 
of the popularity of use, they are: rigid, period, membrane and asymmetrical boundary. The 
current simulation employed the most widely used boundary: the rigid wall. This type of 
boundary is an analytical described surface and can be planar or curved. In addition, the rigid 
boundary is well suited to simulate the triaxial or direct shear test (Cheng et al. 2003). 
Basically, in the simulation, a total of six servo-controlled rigid walls are used. Two walls are 
located at the top and bottom of the sample to generate the deviator stress. However, only the 
top wall is stress-controlled. The bottom wall is fixed. The other four planar walls are located 
around the sample to control the confining stress. The setup of these rigid walls can be seen 
in Figure 4.12 
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Figure 4.12: The setup of the rigid boundary. 
 
 
4.8 SUMMARY 
 
In order to investigate the resilient modulus of pavement materials, several testing 
equipments were used in this study, including the repeated load triaxial test to determine the 
resilient modulus, the dynamic cone penetrometer, miniature pressure gauge to measure the 
confining pressure during the dynamic cone penetration test in the CBR mould, the California 
Bearing ratio testing equipment and the Clegg impact hammer. Moreover, beside the 
laboratory based testing approach, this research work also investigated the application of 
computer based method to estimate the resilient modulus of granular materials by employing 
the Discrete Element Method (DEM). 
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5.1  INTRODUCTION 
This chapter presents the objectives and the associated results in accordance with the thesis 
by publication format, which has been recently approved by RMIT University. All the results 
and developments have been published or submitted in international journals as well as 
presented in international conferences. 
 
1. Development of the new DLP for the evaluation of Mr of soils in the field as well as 
in the laboratory: This development was published in the Australian Geomechanics 
Journal. In addition, one of the figures in the paper was used in the presentation of the 
cover page of the journal. Technically, the newly developed DLP can be considered 
as a new invention that makes a great contribution to the evaluation of the resilient 
behaviour of the flexible pavement as well as to other areas, such as the quality 
control of the compaction. 
 
2. Development of the relationship between Mr and the new DLPI for fine-grained soils: 
This development has been submitted to the International Journal of Pavement 
Engineering for possible publication.  This development can provide a simpler, 
quicker and inexpensive tool for the pavement designer to examine the resilient 
behaviour of the flexible pavement. 
 
3. Extension of the application of the new DLP in prediction of the CBR value for fine-
grained subgrade soils: This development has been published in the International 
Journal of Pavement Engineering.  The new application of new DLP can provide a 
rapid and inexpensive tool to estimate the CBR value for fine-grained subgrade soils. 
 
4. Development of a simplified testing method for the repeated load triaxial test to 
determine Mr for fine-grained soils: The results of this development have been 
submitted for possible publication in the International Journal of Pavement 
Engineering. 
 
5. Development of a simplified testing method for the repeated load triaxial test to 
determine Mr for granular materials: The results of this development have been 
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submitted to the Road Materials and Pavement Design Journal for possible 
publication. 
 
6. Development of a three-dimensional numerical model for the repeated load triaxial 
test using the discrete element method: The developed numerical model has been 
published in the International Journal of Civil, Architectural, Structural and 
Construction Engineering. The developed numerical model can provide an alternative 
method that is less expensive and simpler than the repeated load triaxial test. 
 
7. Development of a three-dimensional numerical model for the study and prediction of 
the resilient behaviour of granular materials using the discrete element method: The 
developed numerical model has been published in the Australian Geomechanics 
Journal. The proposed numerical model can assist the pavement designer to examine 
the resilient behaviour of granular materials at the micro level, such as the interaction 
between granular particles during the cyclic loading. It is impossible to investigate 
this interaction at the macro level of the repeated load triaxial test. 
 
8. Development of a reliable prediction model for the resilient behaviour of fine-grained 
soils based on the CBR values from laboratory tests: This developed prediction model 
has been submitted to the Road Materials and Pavement Design Journal for possible 
publication. CBR is widely used in the geotechnical laboratory. The reliable 
relationship with CBR can provide an alternative approach for the pavement designer 
to estimate Mr of the fine-grained subgrade soils. 
 
9. Development of a prediction model to estimate Mr from CIV for unbound granular 
materials: The results and the prediction model have been submitted for possible 
publication in the Road Materials and Pavement Design Journal. The Clegg impact 
hammer is a popular item of equipment to evaluate the performance of granular 
materials. Similar to Mr, CIV is also a dynamic parameter. Therefore, a strong 
relationship with CIV can assist in predicting Mr of granular materials. 
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10. Study the resilient behaviour of fine-grained subgrade soils. The results of the study 
have been published in two individual papers in the Australian Geomechanics Journal. 
 
Each development is presented in the format of the journal paper in which the paper was 
published or submitted. 
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5.2.1  Introduction 
 
The dynamic cone penetrometer was originally developed by Scala (1959). DCP has been 
extensively used in recent decades for the design of flexible pavements due to its inexpensive 
and easy-to-operate features. Several strong correlations between Mr and DCP have been 
reported by previous researchers. However, these relationships are mainly applicable for the 
field conditions due to the effect of vertical confinement from the mould on the dynamic cone 
penetrometer index if used in the laboratory. Based on the test results, it was observed that 
the effect of vertical confinement is very significant, especially with a hammer mass larger 
than 4.6 kg. The results also indicate that the influence of the vertical confinement on the 
penetration index is not significant when the hammer mass is less than 2 kg.  From the 
observation of the investigation, a new DLP is proposed with a hammer mass of 2.25 kg, 
which can be used in the laboratory in the CBR mould and also in field conditions with 
similar results for a similar soil. With the new developed DLP, the application of the 
relationships between Mr and DCP can now be extended to include the laboratory conditions, 
as well as the field conditions. 
 
The experimental materials, testing methods and results from this development were 
published in the Australian Geomechanics Journal.  One of the figures in the paper was used 
in the presentation of the cover page of the journal. Technically, the newly developed DLP 
can be considered as a new invention that makes a great contribution for the evaluation of the 
resilient behaviour of the fine-grained subgrade soils as well as to other areas, such as the 
quality control of the compaction of soils. A copy of this paper is presented in this section. 
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5.3.1  Introduction 
 
The dynamic cone penetrometer is one of the popular, inexpensive and easy-to-operate items 
of test equipment in pavement design. A strong relationship with Mr has been reported. 
However, these correlations are mainly used in the field conditions due to the effect of 
vertical confinement from the mould on the dynamic cone penetrometer index if used in the 
laboratory. To overcome this limit, a new DLP was developed that can be used in the 
laboratory in the CBR mould and also in field conditions with similar results for a similar soil. 
A strong relationship between Mr and DLP for fine-grained soils was found. 
 
The experimental materials, testing methods and results from this development were 
published in the International Journal of Pavement Engineering. A copy of the final version, 
which was submitted for publication, is included below. The original published paper is 
available from the following address: 
 
http://www.tandfonline.com/doi/pdf/10.1080/10298436.2015.1095899 
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POSSIBLE ESTIMATION OF RESILIENT MODULUS 
OF FINE-GRAINED SOILS USING A DYNAMIC 
LIGHTWEIGHT CONE PENETROMETER 
 
 
Abstract 
 
Resilient modulus is an important parameter to characterise the resilient behaviour of 
pavement materials. Resilient modulus can be determined in the laboratory from repeated 
load triaxial test and is defined as the ratio of deviator stress to recoverable strain. Inherently, 
it is a challenge to perform repeated load triaxial tests as a routine basic test due to its 
complicated, time-consuming and expensive procedure; hence, several empirical approaches 
to estimate the resilient modulus from other soil mechanical properties – California bearing 
ratio, unconfined compressive strength or physical properties – have been proposed. This 
study has investigated the application of a dynamic lightweight cone penetrometer for the 
estimation of the resilient modulus in the laboratory and field conditions for some Victorian 
fine-grained subgrade soils. The results show the possibility to estimate the resilient modulus 
of fine-grained soils using the dynamic lightweight penetration index at any moisture content 
from optimum moisture content to soaked conditions. 
 
Keywords: Resilient modulus; dynamic cone penetrometer; lightweight penetrometer; fine-
grained soils; pavement design. 
 
1. Introduction 
 
1.1 Resilient modulus 
Technically speaking, pavements can be classified into two groups, rigid and flexible or 
concrete and asphalt pavements.  As the name implies, rigid pavements are technically rigid 
under the traffic loading and are constructed of concrete slabs resting directly on the subgrade 
soils, while flexible pavements typically consist of several layers – sprayed seal surface layer, 
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base, sub-base and subgrade – with different materials and different thicknesses. In both 
pavement types, the subgrade always acts as the foundation (e.g., Yoder and Witczak 1975, 
Papagiannakis and Masad 2008). The traffic load is distributed and transferred through the 
pavement layers to the subgrade. 
Introduced in the mid-1950s by Seed et al. as a stiffness parameter, the resilient modulus 
(Mr) has become an important parameter to characterise the resilient behaviour of the 
subgrade soils, base and sub-base granular materials under repeated traffic loads. The 
resilient modulus has been recommended as an indicator to evaluate the performance of the 
subgrade and granular materials in many different pavement design guides, such as the 
“AASHTO guide for design of pavement structures” (AASHTO 1993) and “Austroads 
pavement design guide” (Austroads 2012). 
 
Theoretically, the resilient modulus is defined as the ratio of the deviator stress to the 
recoverable elastic strain after a series of a combination of confining and deviator stresses 
have been applied to the specimen. In the repeated load triaxial test, the main purpose of the 
combination of the deviator and confining stresses is to simulate the dynamic traffic loading.  
Inherently, it is a challenge to determine the Mr by performing a standard repeated load 
triaxial test as a routine basic test due to its complicated, time consuming and expensive 
procedure. Therefore, it is desirable to employ an indirect approach to estimate the Mr. In fact, 
the “AASHTO guide for design of pavement structures” (AASHTO 1993) recommends the 
use of the empirical relationships between Mr and other simple soil tests for the pavement 
design. 
 
The most widely used correlation for estimating Mr is the empirical relationship between 
this parameter and the CBR value; the correlation suggested by the AASHTO guide is shown 
in Equation 1 
 
                 Mr = 1500 (CBR)                  (1) 
 
Where: Mr = Resilient modulus (psi). 
  CBR = California Bearing Ratio. 
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Similarly, the empirical relationship between Mr and CBR was also introduced in the 
Austroads pavement structural design guide as below: 
 
Mr = 10 (CBR)         (2) 
 
Where: Mr = Resilient modulus (MPa). 
 
As mentioned in the Austroads design guide and by Sparks and Potter (1982), the range of 
the application of Equation 2 is from 5 x CBR to 20 x CBR.  
  
Although these empirical relationships are popular to characterize the non-linear behaviour 
of subgrade soils and these correlations may be useful in practice, the CBR only provides a 
rough measure of shear strength, which is not necessarily expected to relate to the resilient 
behaviour of pavement materials. 
 
With similar objectives, several research works have been carried out to investigate the 
relationship of Mr and other measurements achieved from non-destructive field tests, such as 
the dynamic cone penetrometer (e.g., Hassan 1996, Jianzhou et al. 1999, George and Uddin 
2000, Gudishala 2004, Herath et al. 2005 and Mohammad et al. 2007), falling weight 
deflectometer (Chai and Roslie 1998), plate load test (e.g., AASHTO pavement design guide 
1993) and seismic modulus test (e.g., Williams and Nazarian 2007). 
 
Moreover, in order to overcome the complexity of the comprehensive nature of the 
repeated load triaxial test, a simplified testing procedure, achieved by decreasing the number 
of confining and deviator stresses, was also recommended by Elliot and Thornton (1988).  In 
addition, several researchers have attempted to combine both laboratory testing and 
numerical techniques, such as the discreet element method, finite element method and 
photoelasticity, to develop models capable of simulating the Mr test and providing 
information that cannot be collected in the laboratory (e.g., Morched 2003). 
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Furthermore, there have been several attempts to correlate Mr with the soil physical 
properties (e.g., Drumm et al. 1990, Santha 1994, Von Quintus and Killingsworth 1998, 
Mohammad et al. 1999, Dai and Zollars 2002). 
 
1.2 Dynamic cone penetrometer (DCP) 
 
The early development of the DCP was reported by Scala from Australia in 1959 as an in-situ 
geotechnical assessment technique for evaluating the strength of subgrade soils and base and 
sub-base materials, of new and existing flexible pavement structures (Scala 1959). DCP is 
also used for quality control of compaction of some soils and also in shallow subsurface 
investigation as an alternative to other expensive and time consuming approaches (e.g., De 
Beer 1991, Webster et al. 1994 and Chen et al. 1999). Furthermore, DCP has also been 
recently investigated and discussed for the application of compaction control of unbound 
granular materials (Nazzal 2014). 
 
Originally, the DCP apparatus developed by Scala has a cone point angle of 600, a drop 
mass of 8.0 kg and a falling height of 575 mm. The parameters of the DCP such as the drop 
mass, the falling height and the cone tip design are varied with the testing method from 
different investigators and organizations. Van Vuuren from South Africa developed and 
proposed a new DCP device with 10 kg mass and 460 mm drop (Van Vuuren 1969). Van 
Vuuren also indicated that his DCP is applicable for soil materials with CBR values ranging 
from 1 up to 50. The DCP design of the ASTM D6951-03 uses an 8 kg hammer dropping 
through a height of 575mm and a 60° cone. On the other hand, the Australian standard DCP 
(AS 1289.6.3.2) uses a 9 kg hammer with the falling height of 510 mm. The potential energy 
per drop for these DCP apparatus is represented in Table 1. 
 
Table 1. Potential energy per drop for different DCP design. 
 
DCP design 
Cone angle 
(degree) 
Drop mass 
(kg) 
Falling height 
(m) 
Potential energy 
per drop (J) 
Scala 1959 60 8.0 0.575 45.1 
Van Vuuren 1969 60 10.0 0.460 45.1 
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ASTM D6951-03 60 8.0 0.575 45.1 
AS 1289.6.3.2 30 9.0 0.510 45.0 
Nguyen and 
Mohajerani 2012 30 2.25 0.510 11.3 
 
It can be seen that the potential energy per drop for all the penetrometers listed in the 
above table are equivalent to that of the original design from Scala except the potential 
energy per drop of the dynamic lightweight cone penetrometer developed by Nguyen and 
Mohajerani (2012) which is 11.3 J. The setup of DCP equipment is similar for different types 
and testing procedures and is assembled as shown in Figure 1. 
 
 
        
 
Figure 1. Dynamic cone penetrometer (AS 1289.6.3.2) 
 
In operation, the DCP needs two operators, one to hold the instrument, raise and drop the 
weight and another to record the readings. The DCP is held vertically with the surface of the 
material layer to be tested. The hammer is raised to the stop and fell freely onto the anvil to 
drive the DCP into the soil. The accumulative number of blows and penetration depth is 
recorded during the operation. The slope of the curve defining the relationship between the 
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penetration depth and number of blows is represented as the dynamic cone penetration index 
(DCPI) in mm/blow. 
 
The advantages of DCP are that the instrument is low cost, very easy to set up and operate. 
However, performing the DCP experiment can be labour extensive due to the heavy drop 
mass of the hammer. Parker and Hammons proposed an idea of an automated dynamic cone 
penetrometer (Parker and Hammons 1998). Basically, this penetrometer is a vertical frame 
with wheels for rising and releasing the hammer. The data of penetration is captured and sent 
to a computer. 
 
In a similar attempt, the US Army Corps of Engineers proposed the dual mass dynamic 
cone penetrometer, a modified version of original DCP. In the dual mass dynamic cone 
penetrometer device, the hammer is decreased to 4.6 kg (Webster et al. 1992).  This mass of 
hammer reduces the DCPI by half of the DCPI of the original DCP with a mass of 8 kg. 
However, one operator and one recorder are still required to carry out the dual mass dynamic 
cone penetration test. Based on the same objective, an automated data collection system for a 
DCP with hammer mass of 3 kg was also developed (Fumio et al. 2004), mainly for the 
investigation of soil layers on the steep slope. Moreover, another automated version of the 
DCP called Semi Automated Portable Penetrometer Electronic Recorder (SAPPER) is used 
in the US. Basically, the SAPPER uses an 8 kg hammer in accordance with ASTM D6951-03 
(2003) and automates the operation and reading collection of the DCP.   
 
Furthermore, extensive research has been performed to study the factors affecting the 
DCPI. Density, gradation, soil type, moisture content, plasticity index, maximum aggregate 
size, and vertical confining stress have been shown to influence the DCP test results (e.g., 
Kleyn 1975, Kleyn and Savage 1982 and Liveneh et al. 1994). In another investigation on 
the effect of moisture content and density on DCPI, Harison (1987) observed that the DCPI 
decreases as the density increases. In addition, by conducting a study on the influence of 
several factors on the DCPI, Hassan (1996) concluded that moisture content, soil 
classification, confining pressure and dry density affect the DCPI for fine-grained soils. 
According to Livneh et al. (1994), for a given density, the DCPI decreases when the 
confining stress increases. 
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1.3 Resilient modulus and dynamic cone penetration index relationship 
 
As mentioned earlier, the main challenge for performing repeated load triaxial tests routinely 
in the laboratory is due to the complicated, time-consuming and expensive testing procedure. 
Therefore, there have been several attempts to investigate the correlations between Mr and the 
DCPI. A summary of some of these empirical equations is given in Table 2.  
 
Table 2. Empirical equations of resilient modulus (Mr) and field dynamic cone penetration 
index (DCPI) for fine-grained soils. 
 
References Empirical equations R2 
Hassan (1996) M = 7013.065 − 2040.783	Ln(DCPI) 0.41 
Jianzhou et al. (1999) M = 338	(DCPI))C.*D 0.42 
George and Uddin (2000) M = 532.1	(DCPI))C.EDF 0.40 
Gudishala (2004) M = 1100	(DCPI))C.EEMC + 2.39	(γ)		 0.68 
Herath et al. (2005) 
M = 16.28 + 928.24DCPI  0.82 
M = 520.62(DCPI))C.I*J + 0.4 KLMN# + 0.44(PI)  0.78 
Mohammad et al. (2007) 
M = 151.8	(DCPI)).CDJ 0.91 
M = 165.5	(DCPI)).EI + 0.097	  γMC# 0.92 
 
Where: Mr = Resilient modulus (MPa). 
    DCPI = Field dynamic cone penetration index (mm/blow). 
   γd = Dry unit weight (kN/m3). 
   MC = Moisture content (%). 
   PI = Plasticity index (%). 
Subchapter 5.3                Application of Lightweight Cone Penetrometer for the Evaluation of Resilient Modulus 
 
Bao Thach Nguyen – PhD thesis                                                                                                                          114 
 
 
The earliest empirical equation was proposed by Hassan (1996) who found that the 
relationship was more significant at the optimum moisture content (OMC) than wet of OMC. 
Furthermore, it was also noted that Mr values from the relationship reported by Jianzhou et al. 
(1999) were obtained from the back-calculation of the falling weight deflectometer, not from 
the repeated load triaxial test. In addition, George and Uddin (2000) used both manual and 
automated DCP in their research work and concluded that there was no significant difference 
between these two types of DCP. 
 
Generally, it can be seen from the above empirical equations that all these correlations are 
only applicable for the DCP performed in the in-situ conditions. From the limitations of the 
current empirical relationships to estimate the Mr of fine-grained soils, the present study 
employs the dynamic lightweight cone penetrometer (DLP) with a 2.25 kg hammer to 
investigate the use of this DLP to estimate the Mr in the laboratory and in the field for fine-
grained soils. 
 
2. Materials and method 
 
2.1 Materials 
 
With the main objective being to investigate the relationship between Mr and DLP index 
(DLPI), a range of fine-grained soils was collected for the experimental programme. In total, 
eight different fine-grained soils were obtained from different suburbs in Melbourne, 
Victoria. A summary of the physical properties of these soils is provided in Table 3. 
 
Table 3. Physical properties of the soil samples. 
 
Sample 
USCS 
Symbol 
OMC 
(%) 
MDD 
(t/m3) 
LL 
(%) 
PL 
(%) 
PI 
(%) 
Location 
S1 CL 26.8 1.41 39.1 24.1 15.0 Featherbrooke Estate, Point Cook 
S2 CL 19.5 1.49 25.3 18.2 7.10 Deer Park Bypass, Deer Park 
S3 CL 20.1 1.57 31.8 22.1 9.70 Waverley Park Estate, Mulgrave 
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S4 CH 20.4 1.67 56.0 23.4 22.6 Garnet Street, Ferntree Gully 
S5 CL 17.5 1.52 25.4 13.7 11.7 Kingsley Avenue, Point Cook 
S6 SC 17.0 1.81 31.0 21.0 10.0 Processed quarry by-product 
S7 SC 14.0 1.84 25.9 17.0 8.90 Processed soil 
S8 SC 15.0 1.82 24.4 16.8 7.60 Processed soil 
 
2.2 Repeated load triaxial test 
 
In the laboratory, the repeated load triaxial equipment is used to measure the resilient 
modulus. The testing system used in this study is illustrated in Figure 2: 
 
  
 
Figure 2. Repeated load triaxial apparatus 
 
Technically speaking, the main part of the repeated load triaxial system is a pneumatic 
loading frame that can produce a cyclic loading with a predetermined magnitude and loading 
time on the testing sample. The loading is measured by the load cell and the deformation is 
recorded by two linear variable differential transformers. All the transducers are located 
outside the triaxial cell. The confining medium used in the testing is dry air. The data are 
captured by the software that can be used for the analysis later. The current study used 
AASHTO T307: “Standard method of test for determining the Mr for soils and aggregate 
materials” as the main testing standard, because, currently, there is no Australian standard 
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available for fine-grained soils. According to the testing standard, the soil sample should have 
a diameter of 100 mm and a height of 200 mm. The sample is compacted at the standard 
compaction energy and is mounted into a triaxial cell. Moreover, the AASHTO T307 also 
uses the haversine shaped load form. The cyclic load duration consists of 0.1 second for the 
loading period followed by the recovery duration of 0.9 second. The details of the loading 
sequences and the number of cycles for each sequence can be seen in Table 4. 
 
Table 4. Details of the testing sequence used in this study. 
 
Sequence 
number 
Confining stress (σ3) 
(kPa) 
Deviator stress (σd) 
(kPa) 
Number of load cycles 
(cycle) 
0 41.4 24.8 1,000 
1 41.4 12.4 100 
2 41.4 24.8 100 
3 41.4 37.3 100 
4 41.4 49.7 100 
5 41.4 62.0 100 
6 27.6 12.4 100 
7 27.6 24.8 100 
8 27.6 37.3 100 
9 27.6 49.7 100 
10 27.6 62.0 100 
11 13.8 12.4 100 
12 13.8 24.8 100 
13 13.8 37.3 100 
14 13.8 49.7 100 
15 13.8 62.0 100 
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2.3 Dynamic lightweight penetrometer (DLP) 
 
As mentioned earlier, the original DCP is mainly designed for the field conditions. The 
application of DCP in the laboratory has rarely been reported previously. This is due to the 
confining effect of the mould on DCPI. When performing the DCP test in the laboratory 
condition inside a compaction mould or a CBR mould the confining effect will become very 
significant and the results will not be comparable with those obtained in the field using the 
same penetrometer on the same soil.   
 
Nguyen and Mohajerani (2012) investigated the influence of confining effect of the CBR 
mould on the DCPI. In their study, they used two different moulds, a CBR mould and a large 
mould, to investigate the change of the hammer mass on the confinement effect. They used a 
relatively large cubic mould with a dimension of 700 mm to simulate the field conditions, and 
employed a wide range of hammer masses, including 2.5, 3.5, 4.6, 6.0, 8.0 and 9.0 kg with 
the Australian standard dynamic cone penetrometer. They found that the difference in value 
of DCPI, using the CBR mould and the large mould, reduces to an insignificant value for a 
hammer mass of 2.25 kg, for the experimental fine-grained soil used in their study. In 
addition, a good correlation has been found between the DLP index (DLPI) and CBR for 
fine-grained soils (Nguyen and Mohajerani 2014). 
 
In essence, the DLP is a modification of the DCP shown in the Australian Standard (AS) 
1289.6.3.2 (1997), which uses a 9 kg hammer. The DLP uses a lighter hammer of 2.25 kg. 
The other design parameters, such as the falling height of 510 mm and the cone angle of 30 
degree are unchanged. Technically, the soil sample is prepared in the mould used for the 
California Bearing Ratio test (AS 1289.6.1.1, 1998). The standard compaction method is 
performed at the given moisture content and the DLP test is carried out according to the AS 
1289.6.3.1.2 (1997) until it reaches a penetration depth of 150 mm. Figure 3 demonstrates the 
DLP test. 
Subchapter 5.3                Application of Lightweight Cone Penetrometer for the Evaluation of Resilient Modulus 
 
Bao Thach Nguyen – PhD thesis                                                                                                                          118 
 
 
Figure 3. The demonstration of the DLP test 
 
2.4 Sample preparation 
 
In order to fulfil the main objective, the soil samples were compacted at the standard 
compaction effort (AS 1289.5.1.1, 2003) with 3 identical samples per testing condition. In 
order to investigate the effect of moisture content on the DLPI, individual soil samples were 
prepared at four different moisture contents – OMC, dry and wet of OMC and at the soaked 
condition. The dry and wet side of the OMC were taken at approximately ± 2.5 % of the 
OMC, which provided a variation range of 5% of OMC for the investigation. The soaked 
condition was achieved by soaking the compacted soil sample at OMC in the water for 4 
days. More details of all the soil samples are shown in Table 5. 
 
Table 5. Moisture content level and the degree of saturation for all the experimental soil 
samples. 
 
Sample Moisture content (%) Degree of saturation (%)* Moisture conditions 
S1-O 26.8 79 OMC 
S1-W 30.0 84 Wet of OMC 
S1-D 24.0 68 Dry of OMC 
S1-S 37.0 94 Soaked condition 
S2-O 19.5 65 OMC 
S2-W 23.0 72 Wet of OMC 
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S2-D 17.0 55 Dry of OMC 
S2-S 29.0 86 Soaked condition 
S3-O 20.1 75 OMC 
S3-W 23.0 80 Wet of OMC 
S3-D 17.0 57 Dry of OMC 
S3-S 27.0 86 Soaked condition 
S4-O 20.4 89 OMC 
S4-W 23.0 92 Wet of OMC 
S4-D 18.0 78 Dry of OMC 
S4-S 27.0 95 Soaked condition 
S5-O 17.5 63 OMC 
S5-W 20.0 67 Wet of OMC 
S5-D 15.0 51 Dry of OMC 
S5-S 24.0 74 Soaked condition 
S6-O 17.0 93 OMC 
S6-D 14.5 81 Dry of OMC 
S6-S 19.5 97 Soaked condition 
S7-O 14.0 81 OMC 
S7-W 16.5 86 Wet of OMC 
S7-D 11.5 63 Dry of OMC 
S7-S 18.9 93 Soaked condition 
S8-O 15.0 84 OMC 
S8-W 17.5 89 Wet of OMC 
S8-D 12.5 66 Dry of OMC 
S8-S 19.6 92 Soaked condition 
*Assumed specific gravity for all soils = 2.7 
 
3. Results and discussion 
  
As mentioned earlier, all the soil samples were tested with different moisture contents – 
OMC, wet and dry of OMC and soaked conditions. In addition, a total of 16 loading 
sequences were used for the repeated load triaxial test. The summary of the results for Mr in 
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terms of the stress sequences and the moisture content for all soil samples is shown in Figure 
4 to Figure 7 
 
Figure 4. Resilient modulus of all samples at dry of OMC for different stress levels (loading 
sequence number) 
 
Figure 5. Resilient modulus of all samples at OMC for different stress levels (loading 
sequence number) 
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Figure 6. Resilient modulus of all samples at wet of OMC for different stress levels (loading 
sequence number) 
 
 
Figure 7. Resilient modulus of all samples at soaked condition for different stress levels 
(loading sequence number) 
 
Figure 4 to Figure 7 show the effect of different types of the fine-grained soils with 
different LL and PI and other physical properties on Mr. For example, there is a clear 
distinction in Figure 6 between soil sample S4 with the USCS classification of CH and high 
PI and other soils with USCS classification of CL or SC and low PI values. This observation 
is well-agreed with the previous research works. For example, Carmichael and Stuart (1986) 
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found soils with USCS classification of CH have Mr values higher than soils with USCS 
classification of MH, ML and CL, and, Thompson and Robnett (1979), Farrar and Turner 
(1991), Hall and Thompson (1994), Pezo and Hudson (1994) and Rahim and George (2004) 
reported that high PI and LL values result in higher Mr values. 
 
Moreover, it can also be seen from the above figures that the Mr is highly dependent on the 
stress level including the deviator and confining stresses. From Table 4, from the loading 
sequence numbers 1 to 5, the deviator stress increases from 12.4 kPa to 62.0 kPa, respectively, 
whereas the confining stress is kept constant at 41.4 kPa. Figure 4 to Figure 7 show that the 
Mr decreases when the deviator stress increases for the loading sequence numbers 1 to 5. This 
observation is because, as the deviator stress increases, the permanent deformation of the 
sample increases, and, therefore, the resilient deformation reduces. This effect of deviator 
stress on the Mr is well reported in the literature (e.g., Thompson and Robnett 1979, Drumm 
et al. 1990). However, at the same deviator stress of 12.4 kPa, the confining stress values of 
the loading sequence numbers 1, 6 and 11 are 41.4, 27.6 and 13.8 kPa, respectively; it can be 
observed that the effect of the confining stress on the Mr is not clear. For example, in Figure 6, 
for soil sample S1, as the confining stress decreases, the Mr increases. However, it is also 
found that the Mr decreases when the confining stress reduces for soil S2. It can be concluded 
that the Mr does not depend on the confining stress; this observation is in good agreement 
with previous research (e.g., Seed et al. 1962, Thomson and Robnett 1976, Rada and Witczak 
1981, Pezo and Hudson 1994). 
 
Because Mr is stress dependent, before investigating the correlation between Mr and DLPI, 
a field representative Mr value from the repeated load triaxial test results should be selected. 
Technically speaking, the field representative Mr value is very important because it will be 
used as the design parameter. To obtain this field representative Mr value, typical stresses on 
the top of the subgrade resulting from a standard single axle loading of 80 kN and a contact 
wheel pressure of 689 kPa were investigated. In their study, George and Uddin (2000) 
selected the deviator stress of 37.2 kPa and the confining stress of 13.78 kPa to develop the 
correlation between the laboratory Mr and DCPI for fine-grained soils. Furthermore, in 2004, 
Rahim and George also performed an analysis for a typical pavement selected for the stress 
analysis consisting of a 50 mm asphalt wearing course, 100 mm asphalt binder course, and 
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150 mm lime-treated subgrade. They showed that the standard single axle loading of 80 kN 
yielded a deviator stress of 37.2 kPa (5.4 psi) and a confining stress of 13.78 kPa (2 psi) on 
the top of the subgrade. Therefore, for the current study, an approximate field representative 
deviator stress of 37.2 kPa and a confining stress of 13.78 kPa were selected to develop a 
relationship of Mr and the DLPI. The testing results of the Mr and DLPI are described in 
Table 6. 
 
Table 6. Resilient modulus and DLPI for all the soil samples. 
 
Sample DLPI (mm/blow) Mr (MPa) 
S1-D 5 89 
S1-O 4 70 
S1-W 6 40 
S1-S 11 12 
S2-D 2 70 
S2-O 2 65 
S2-W 3 61 
S2-S 10 5 
S3-D 2 143 
S3-O 1 117 
S3-W 5 116 
S3-S 11 29 
S4-D 2 127 
S4-O 1 100 
S4-W 6 104 
S4-S 8 20 
S5-D 3 114 
S5-O 2 115 
S5-W 3 52 
S5-S 26 4 
S6-D 5 73 
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S6-O 2 62 
S6-S 12 10 
S7-D 5 72 
S7-O 2 76 
S7-W 11 15 
S7-S 24 16 
S8-D 8 82 
S8-O 3 61 
S8-W 9 19 
S8-S 19 13 
 
It has been well documented by previous researchers that besides the applied stress, the 
moisture content also has a significant effect on the Mr and the DLPI (e.g., Pezo et al. 1992, 
Kleyn and Savage 1982, Hopkins et al. 2001, Ooi et al. 2004, Cary and Zapata 2010, Nguyen 
and Mohajerani 2014). The effect of the moisture content on the DLPI for all soil samples is 
shown in Figure 8.  
 
Figure 8. DLPI of all soil samples at different moisture contents 
 
From Figure 8, it can be clearly observed that the DLPI is strongly dependent on the 
moisture content level for all soil samples. Basically, the DLPI is smallest at the OMC and is 
higher at the dry and wet side of optimum moisture. This can be explained by the influence of 
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the moisture content on the mechanical strength of the soils. As the moisture reduces or 
increases, the strength of the sample decreases accordingly. It can also be seen that the DLPI 
is largest in the soaked condition. The change of DLPI in the soaked conditions compared 
with other moisture content levels is significantly high. 
 
 
Figure 9. Resilient modulus values of all soil samples at different moisture contents (σd = 
37.2 kPa and σ3 = 13.78 kPa) 
 
Obviously, from the above figure, it can be observed that as the moisture content increases, 
the Mr decreases. In addition, the highest Mr value can be seen at the dry of the OMC even 
though the dry density of the sample at the dry of OMC is not the maximum dry density. This 
can be explained due to the capillary suction and lack of lubrication at the dry moisture. 
Under the effect of capillary suction, soil particles are forced to move close to each other, 
which can increase the effective stress, therefore increasing the Mr. The soaked condition 
gives the smallest Mr value. These behaviours are typical for fine-grained soils (e.g., 
Barksdale 1972, Fredlund 1977, Drumm et al. 1990, Huang 2001, Butalia et al. 2003 and 
Heydinger 2003). 
 
Before investigating the relationship of Mr and DLPI for all the soil samples, the 
correlation for each soil sample with four different moisture content levels was investigated 
individually for deviator stress of 37.2 kPa and confining stress of 13.78 kPa. Different 
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equation formats have been tried for the regression. Among them, the log-log format 
described the best relationship between Mr and DLPI and can be seen in Equation 3. 
 Log(M) = a + b	Log(DLPI)																																						     (3) 
 
Where: a, b = Regression coefficients. 
 
The regression coefficients and coefficient of determination of the above relationship for 
the individual soil types are illustrated in Table 7. 
 
Table 7. The regression coefficients and coefficient of determination for individual soil types. 
 
Sample a b R2 
S1 2.694 -1.430 0.76 
S2 2.382 -1.161 0.95 
S3 2.401 -0.789 0.78 
S4 2.134 -0.568 0.41 
S5 2.520 -1.382 0.96 
S6 2.249 -1.001 0.68 
S7 2.173 -0.752 0.78 
S8 2.279 -0.838 0.52 
 
It can be observed from Table 7 that the correlation of soil sample S5 has the highest 
coefficient of determination (R2 = 0.96) and soil sample S4 has the lowest R2 of 0.41. The 
low R2 of soil S4 could be due to its high plasticity. In order to investigate the relationship 
between Mr and DLPI for all different experimental soil samples, all the data are used for the 
analysis; the relationship of Mr and DLPI for all the experimental soil samples is presented in 
Equation 4 and illustrated in Figure 10. 
 Log(M) = 2.242 − 0.890	Log(DLPI)																					(RF = 0.64)	            (4) 
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Figure 10. The relationship of resilient modulus and DLPI for all samples (σd = 37.2 kPa and 
σ3 = 13.78 kPa)  
 
From Figure 10, it can be observed that the relationship between Mr and DLPI for all the 
experimental soils with different moisture content levels is good with a coefficient of 
determination, R2, of 0.64. 
 
Furthermore, the following Equations 5 and 6, found from the regression analysis, show 
that the inclusion of moisture content (MC), maximum dry density (MDD) and plasticity 
index (PI) in the model shown in Equation 4 and Figure 10, has not improved the coefficient 
of determination R2 value. This may be due to the fact that the influence of the variation of 
these properties, and other properties such as degree of saturation and soil suction, on Mr is 
already included in the DLPI. 
 Log(M) = 231.007 − 0.729Log(DLPI) − 0.739Log(MC) + 0.708Log(PI)     (R2=0.60) (5) 
 Log(M) = 351.686 − 0.719Log(DLPI) − 0.833Log(MC) − 0.357Log(MDD) +0.715Log(PI)                 (R2=0.60) (6) 
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It should be noted that, in the field, the subgrade soil is usually compacted close to the 
100 % of the standard compaction energy and at the OMC in order to achieve the maximum 
dry density. However, over the service life of the pavement, under the changes of the 
seasonal climate and the drainage conditions, the moisture content of the subgrade soils 
underneath the pavement is eventually changed to the wet side of the OMC. For instance, 
Uzan (1998) found that the subgrade soils showed an increase in moisture content to about 
30% higher than the plastic limit of the soil during the first 5 years of pavement service life. 
Moreover, it was also reported that the moisture content of the subgrade soils would change 
until reaching the equilibrium moisture content (e.g., Elfino and Davidson 1989, 
Thadkamalla and George 1995 and Uzan 1998). Therefore, in order to eliminate that effect 
and characterise the typical change of the moisture content in the pavement, it is proposed to 
consider the wet side of the OMC in the relationship. 
 
 
Figure 11. Resilient modulus vs. DLPI for the moisture content (OMC + wet + soaked) for all 
soil samples (σd = 37.2 kPa and σ3 = 13.78 kPa)  
 
Figure 11 is the correlation to predict the Mr from DLPI for the wet side of the OMC only. 
From this figure, it can be observed that there is significant improvement with the 
consideration of the moisture content level when analysing the relationship between the Mr 
Log(Mr) = 2.176 - 0.847 Log(DLPI)
(R² = 0.70)
1
10
100
1000
1 10
R
es
ili
en
t m
o
du
lu
s 
(M
Pa
)
DLPI (mm/blow)
Subchapter 5.3                Application of Lightweight Cone Penetrometer for the Evaluation of Resilient Modulus 
 
Bao Thach Nguyen – PhD thesis                                                                                                                          129 
 
and DLPI. Finally, the Mr of the experimental soils can be estimated from the DLPI by using 
the following correlation: 
 Log(M) = 2.176 − 0.847	Log(DLPI)																					(RF = 0.70)	            (7) 
 
Or  													M = 150	(DLPI))C.SEI																																				(RF = 0.70)	            (8) 
 
The above relationship is for the deviator stress of 37.2 kPa and the confining stress of 
13.78 kPa, as discussed before. Table 8 shows the regression coefficients, coefficient of 
determination (R2), Root Mean Square Error (RMSE) and Normalised Root Mean Square 
Error (NRMSE) for all the experimental applied stresses, for the general model shown as 
Equation 9. 
 													M = A	(DLPI)T																																				             (9) 
 
Table 8. Regression coefficients, coefficient of determination, Root mean square error and 
normalised root mean square error for all the experimental applied stresses. 
Sequence 
number 
σ3 
(kPa) 
σd 
(kPa) 
A 
 
B 
 
R2 
 
RMSE 
(MPa) 
NRMSE 
0 41.4 24.8 151.27 - 0.767 0.63 32.52 0.190 
1 41.4 12.4 161.41 - 0.704 0.60 43.36 0.159 
2 41.4 24.8 152.04 - 0.763 0.63 32.62 0.192 
3 41.4 37.3 145.38 - 0.845 0.65 29.99 0.192 
4 41.4 49.7 135.39 - 0.817 0.67 27.70 0.184 
5 41.4 62.0 130.03 - 0.795 0.68 25.66 0.174 
6 27.6 12.4 149.75 - 0.702 0.55 39.67 0.206 
7 27.6 24.8 136.51 - 0.766 0.59 30.87 0.195 
8 27.6 37.3 130.60 - 0.795 0.61 28.75 0.187 
9 27.6 49.7 123.92 - 0.773 0.62 26.83 0.181 
10 27.6 62.0 119.93 - 0.741 0.64 25.05 0.178 
11 13.8 12.4 127.98 - 0.652 0.53 33.42 0.213 
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12 13.8 24.8 121.08 - 0.727 0.58 28.28 0.200 
13 13.8 37.3 150.00 - 0.847 0.70 26.90 0.195 
14 13.8 49.7 111.12 - 0.715 0.61 24.45 0.184 
15 13.8 62.0 108.97 - 0.688 0.62 23.19 0.180 
 
The above general model (Equation 9) may be used for the estimation of Mr for fine-grained 
subgrade soils using the DLPI found from a laboratory or field test results at any moisture 
content from OMC to soaked soil conditions.  
 
It should be noted that the proposed predication model is based on the results from the 
experimental soils used in this study. Further experimental work using different types of 
subgrade fine-grained soils, with low to high plasticity (CL, CH, ML, MH) and different 
particle size distributions is recommended for the development of general prediction models 
with universal values for coefficients A and B, at different field stress levels. 
 
4. Conclusion 
 
This study investigated the possibility of application of the dynamic lightweight cone 
penetrometer for the estimation of the resilient modulus of fine-grained soils. Eight different 
subgrade fine-grained soils, which were prepared at optimum moisture contents, wet and dry 
of optimum moisture content and soaked conditions, were used for the investigation. The 
repeated load triaxial test following the AASHTO T307-99 (1999) standard was employed to 
determine the resilient modulus (Mr). Moreover, dynamic lightweight cone penetration tests 
were performed to obtain the dynamic lightweight penetrometer index (DLPI) of the samples 
in the laboratory, following the procedure used in the Australian standard AS 1289.6.3.2 
(1997) for the standard dynamic cone penetrometer. 
 
Based on the results from the experimental work, the following relationship was found 
between Mr and DLPI for the deviator stress of 37.2 kPa and the confining stress of 13.78 
kPa which are typical stresses on the top of the subgrade resulting from a standard single axle 
loading of 80 kN and a contact wheel pressure of 689 kPa for a selected typical pavement. It 
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should be noted that all the samples were compacted using the same, standard compactive 
energy and therefore have variable dry density, void ratio and resilient modulus values. 
 
              													M = 150	(DLPI))C.SEI																																														(RF = 0.70)	
                 
 
Based on the above equation the following model was proposed and coefficients A and B and 
the R2 values for all stress levels used in the experimental study in the repeated load triaxial 
tests were determined as shown in the following table. 
 													M = A	(DLPI)T																																				 
 
Sequence 
number 
Confining 
stress 
σ3 (kPa) 
Deviator 
stress 
σd (kPa) 
A B R2 
RMSE 
(MPa) 
NRMSE 
0 41.4 24.8 151.27 - 0.767 0.63 32.52 0.190 
1 41.4 12.4 161.41 - 0.704 0.60 43.36 0.159 
2 41.4 24.8 152.04 - 0.763 0.63 32.62 0.192 
3 41.4 37.3 145.38 - 0.845 0.65 29.99 0.192 
4 41.4 49.7 135.39 - 0.817 0.67 27.70 0.184 
5 41.4 62.0 130.03 - 0.795 0.68 25.66 0.174 
6 27.6 12.4 149.75 - 0.702 0.55 39.67 0.206 
7 27.6 24.8 136.51 - 0.766 0.59 30.87 0.195 
8 27.6 37.3 130.6 - 0.795 0.61 28.75 0.187 
9 27.6 49.7 123.92 - 0.773 0.62 26.83 0.181 
10 27.6 62.0 119.93 - 0.741 0.64 25.05 0.178 
11 13.8 12.4 127.98 - 0.652 0.53 33.42 0.213 
12 13.8 24.8 121.08 - 0.727 0.58 28.28 0.200 
13 13.8 37.3 150.00 - 0.847 0.70 26.90 0.195 
14 13.8 49.7 111.12 - 0.715 0.61 24.45 0.184 
15 13.8 62.0 108.97 - 0.688 0.62 23.19 0.180 
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The above general model may be used for the estimation of Mr for fine-grained subgrade 
soils using the DLPI found from a laboratory or field penetration test at any moisture content 
from optimum moisture content to soaked soil conditions. However, it should be noted that 
very low suction at the high moisture content as well as higher suction at the low moisture 
content below optimum level may also affect the relationship between Mr and DLPI. 
 
Further experimental work with different types of subgrade fine-grained soils, with low to 
high plasticity and different particle size distributions, is recommended for the development 
of general prediction models. 
 
Notation 
 
σ3   confining stress (kPa) 
σd   deviator stress (kPa)  
DCP  dynamic cone penetrometer 
DCPI  dynamic penetration index (mm/blow) 
DLP  dynamic lightweight cone penetrometer 
DLPI  dynamic lightweight penetration index (mm/blow) 
CH  high plasticity clayed soil 
MH  high plasticity silty soil 
LL  liquid limit (%) 
CL  low plasticity clayed soil 
ML  low plasticity silty soil 
PI  plasticity index (%) 
PL  plastic limit (%) 
MC  moisture content (%) 
MDD  maximum dry density (t/m3) 
NRMSE normalised root mean square error. 
Mr  resilient modulus (MPa) 
OMC   optimum moisture content (%) 
RMSE  root mean square error 
USCS  unified soil classification system 
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5.4.1  Introduction 
 
Determination of the California Bearing Ratio values of fine-grained soils from a correlation 
with DCP can offer a valuable alternative approach due to its simplicity and ability to provide 
rapid results. The literature review reveals that DCP is mainly used as an in situ device and 
that the laboratory application of DCP in a mould was rarely reported due to the confining 
effect. DLP, which was developed earlier, was used to evaluate the CBR values of fine-
grained soils. A strong relationship was found between CBR and DLPI.  
The experimental materials, testing methods and results from this development have been 
published in the International Journal of Pavement Engineering. A copy of the final version, 
which was submitted for publication, is included below. The original published paper is 
available from the following address: 
 
http://www.tandfonline.com/doi/pdf/10.1080/10298436.2014.937807 
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POSSIBLE ESTIMATION OF RESILIENT MODULUS 
OF FINE-GRAINED SOILS USING A DYNAMIC 
LIGHTWEIGHT CONE PENETROMETER 
 
Abstract 
 
Resilient modulus is an important parameter to characterise the resilient behaviour of 
pavement materials. Resilient modulus can be determined in the laboratory from repeated 
load triaxial test and is defined as the ratio of deviator stress to recoverable strain. Inherently, 
it is a challenge to perform repeated load triaxial tests as a routine basic test due to its 
complicated, time-consuming and expensive procedure; hence, several empirical approaches 
to estimate the resilient modulus from other soil mechanical properties – California bearing 
ratio, unconfined compressive strength or physical properties – have been proposed. This 
study has investigated the application of a dynamic lightweight cone penetrometer for the 
estimation of the resilient modulus in the laboratory and field conditions for some Victorian 
fine-grained subgrade soils. The results show the possibility to estimate the resilient modulus 
of fine-grained soils using the dynamic lightweight penetration index at any moisture content 
from optimum moisture content to soaked conditions. 
 
Keywords: Resilient modulus; dynamic cone penetrometer; lightweight penetrometer; fine-
grained soils; pavement design. 
 
1. Introduction 
1.1 Resilient modulus 
Technically speaking, pavements can be classified into two groups, rigid and flexible or 
concrete and asphalt pavements.  As the name implies, rigid pavements are technically rigid 
under the traffic loading and are constructed of concrete slabs resting directly on the subgrade 
soils, while flexible pavements typically consist of several layers – sprayed seal surface layer, 
base, sub-base and subgrade – with different materials and different thicknesses. In both 
pavement types, the subgrade always acts as the foundation (e.g., Yoder and Witczak 1975, 
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Papagiannakis and Masad 2008). The traffic load is distributed and transferred through the 
pavement layers to the subgrade. 
 
Introduced in the mid-1950s by Seed et al. as a stiffness parameter, the resilient modulus 
(Mr) has become an important parameter to characterise the resilient behaviour of the 
subgrade soils, base and sub-base granular materials under repeated traffic loads. The 
resilient modulus has been recommended as an indicator to evaluate the performance of the 
subgrade and granular materials in many different pavement design guides, such as the 
“AASHTO guide for design of pavement structures” (AASHTO 1993) and “Austroads 
pavement design guide” (Austroads 2012). 
 
Theoretically, the resilient modulus is defined as the ratio of the deviator stress to the 
recoverable elastic strain after a series of a combination of confining and deviator stresses 
have been applied to the specimen. In the repeated load triaxial test, the main purpose of the 
combination of the deviator and confining stresses is to simulate the dynamic traffic loading.  
Inherently, it is a challenge to determine the Mr by performing a standard repeated load 
triaxial test as a routine basic test due to its complicated, time consuming and expensive 
procedure. Therefore, it is desirable to employ an indirect approach to estimate the Mr. In fact, 
the “AASHTO guide for design of pavement structures” (AASHTO 1993) recommends the 
use of the empirical relationships between Mr and other simple soil tests for the pavement 
design. 
 
The most widely used correlation for estimating Mr is the empirical relationship between 
this parameter and the CBR value; the correlation suggested by the AASHTO guide is shown 
in Equation 1 
 
                 Mr = 1500 (CBR)                  (1) 
 
Where: Mr = Resilient modulus (psi). 
  CBR = California Bearing Ratio. 
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Similarly, the empirical relationship between Mr and CBR was also introduced in the 
Austroads pavement structural design guide as below: 
 
Mr = 10 (CBR)         (2) 
 
Where: Mr = Resilient modulus (MPa). 
 
As mentioned in the Austroads design guide and by Sparks and Potter (1982), the range of 
the application of Equation 2 is from 5 x CBR to 20 x CBR.  
  
Although these empirical relationships are popular to characterize the non-linear behaviour 
of subgrade soils and these correlations may be useful in practice, the CBR only provides a 
rough measure of shear strength, which is not necessarily expected to relate to the resilient 
behaviour of pavement materials. 
 
With similar objectives, several research works have been carried out to investigate the 
relationship of Mr and other measurements achieved from non-destructive field tests, such as 
the dynamic cone penetrometer (e.g., Hassan 1996, Jianzhou et al. 1999, George and Uddin 
2000, Gudishala 2004, Herath et al. 2005 and Mohammad et al. 2007), falling weight 
deflectometer (Chai and Roslie 1998), plate load test (e.g., AASHTO pavement design guide 
1993) and seismic modulus test (e.g., Williams and Nazarian 2007). 
 
Moreover, in order to overcome the complexity of the comprehensive nature of the 
repeated load triaxial test, a simplified testing procedure, achieved by decreasing the number 
of confining and deviator stresses, was also recommended by Elliot and Thornton (1988).  In 
addition, several researchers have attempted to combine both laboratory testing and 
numerical techniques, such as the discreet element method, finite element method and 
photoelasticity, to develop models capable of simulating the Mr test and providing 
information that cannot be collected in the laboratory (e.g., Morched 2003). 
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Furthermore, there have been several attempts to correlate Mr with the soil physical 
properties (e.g., Drumm et al. 1990, Santha 1994, Von Quintus and Killingsworth 1998, 
Mohammad et al. 1999, Dai and Zollars 2002). 
 
1.2 Dynamic cone penetrometer (DCP) 
 
The early development of the DCP was reported by Scala from Australia in 1959 as an in-situ 
geotechnical assessment technique for evaluating the strength of subgrade soils and base and 
sub-base materials, of new and existing flexible pavement structures (Scala 1959). DCP is 
also used for quality control of compaction of some soils and also in shallow subsurface 
investigation as an alternative to other expensive and time consuming approaches (e.g., De 
Beer 1991, Webster et al. 1994 and Chen et al. 1999). Furthermore, DCP has also been 
recently investigated and discussed for the application of compaction control of unbound 
granular materials (Nazzal 2014). 
 
Originally, the DCP apparatus developed by Scala has a cone point angle of 600, a drop 
mass of 8.0 kg and a falling height of 575 mm. The parameters of the DCP such as the drop 
mass, the falling height and the cone tip design are varied with the testing method from 
different investigators and organizations. Van Vuuren from South Africa developed and 
proposed a new DCP device with 10 kg mass and 460 mm drop (Van Vuuren 1969). Van 
Vuuren also indicated that his DCP is applicable for soil materials with CBR values ranging 
from 1 up to 50. The DCP design of the ASTM D6951-03 uses an 8 kg hammer dropping 
through a height of 575mm and a 60° cone. On the other hand, the Australian standard DCP 
(AS 1289.6.3.2) uses a 9 kg hammer with the falling height of 510 mm. The potential energy 
per drop for these DCP apparatus is represented in Table 1. 
 
 
 
 
 
 
Table 1. Potential energy per drop for different DCP design. 
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DCP design 
Cone angle 
(degree) 
Drop mass 
(kg) 
Falling height 
(m) 
Potential energy 
per drop (J) 
Scala 1959 60 8.0 0.575 45.1 
Van Vuuren 1969 60 10.0 0.460 45.1 
ASTM D6951-03 60 8.0 0.575 45.1 
AS 1289.6.3.2 30 9.0 0.510 45.0 
Nguyen and 
Mohajerani 2012 30 2.25 0.510 11.3 
 
It can be seen that the potential energy per drop for all the penetrometers listed in the 
above table are equivalent to that of the original design from Scala except the potential 
energy per drop of the dynamic lightweight cone penetrometer developed by Nguyen and 
Mohajerani (2012) which is 11.3 J. The setup of DCP equipment is similar for different types 
and testing procedures and is assembled as shown in Figure 1. 
 
 
        
 
Figure 1. Dynamic cone penetrometer (AS 1289.6.3.2) 
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In operation, the DCP needs two operators, one to hold the instrument, raise and drop the 
weight and another to record the readings. The DCP is held vertically with the surface of the 
material layer to be tested. The hammer is raised to the stop and fell freely onto the anvil to 
drive the DCP into the soil. The accumulative number of blows and penetration depth is 
recorded during the operation. The slope of the curve defining the relationship between the 
penetration depth and number of blows is represented as the dynamic cone penetration index 
(DCPI) in mm/blow. 
 
The advantages of DCP are that the instrument is low cost, very easy to set up and operate. 
However, performing the DCP experiment can be labour extensive due to the heavy drop 
mass of the hammer. Parker and Hammons proposed an idea of an automated dynamic cone 
penetrometer (Parker and Hammons 1998). Basically, this penetrometer is a vertical frame 
with wheels for rising and releasing the hammer. The data of penetration is captured and sent 
to a computer. 
 
In a similar attempt, the US Army Corps of Engineers proposed the dual mass dynamic 
cone penetrometer, a modified version of original DCP. In the dual mass dynamic cone 
penetrometer device, the hammer is decreased to 4.6 kg (Webster et al. 1992).  This mass of 
hammer reduces the DCPI by half of the DCPI of the original DCP with a mass of 8 kg. 
However, one operator and one recorder are still required to carry out the dual mass dynamic 
cone penetration test. Based on the same objective, an automated data collection system for a 
DCP with hammer mass of 3 kg was also developed (Fumio et al. 2004), mainly for the 
investigation of soil layers on the steep slope. Moreover, another automated version of the 
DCP called Semi Automated Portable Penetrometer Electronic Recorder (SAPPER) is used 
in the US. Basically, the SAPPER uses an 8 kg hammer in accordance with ASTM D6951-03 
(2003) and automates the operation and reading collection of the DCP.   
 
Furthermore, extensive research has been performed to study the factors affecting the 
DCPI. Density, gradation, soil type, moisture content, plasticity index, maximum aggregate 
size, and vertical confining stress have been shown to influence the DCP test results (e.g., 
Kleyn 1975, Kleyn and Savage 1982 and Liveneh et al. 1994). In another investigation on 
the effect of moisture content and density on DCPI, Harison (1987) observed that the DCPI 
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decreases as the density increases. In addition, by conducting a study on the influence of 
several factors on the DCPI, Hassan (1996) concluded that moisture content, soil 
classification, confining pressure and dry density affect the DCPI for fine-grained soils. 
According to Livneh et al. (1994), for a given density, the DCPI decreases when the 
confining stress increases. 
 
1.3 Resilient modulus and dynamic cone penetration index relationship 
 
As mentioned earlier, the main challenge for performing repeated load triaxial tests routinely 
in the laboratory is due to the complicated, time-consuming and expensive testing procedure. 
Therefore, there have been several attempts to investigate the correlations between Mr and the 
DCPI. A summary of some of these empirical equations is given in Table 2.  
 
Table 2. Empirical equations of resilient modulus (Mr) and field dynamic cone penetration 
index (DCPI) for fine-grained soils. 
 
References Empirical equations R2 
Hassan (1996) M = 7013.065 − 2040.783	Ln(DCPI) 0.41 
Jianzhou et al. (1999) M = 338	(DCPI))C.*D 0.42 
George and Uddin (2000) M = 532.1	(DCPI))C.EDF 0.40 
Gudishala (2004) M = 1100	(DCPI))C.EEMC + 2.39	(γ)		 0.68 
Herath et al. (2005) 
M = 16.28 + 928.24DCPI  0.82 
M = 520.62(DCPI))C.I*J + 0.4 KLMN# + 0.44(PI)  0.78 
Mohammad et al. (2007) 
M = 151.8	(DCPI)).CDJ 0.91 
M = 165.5	(DCPI)).EI + 0.097	  γMC# 0.92 
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Where: Mr = Resilient modulus (MPa). 
    DCPI = Field dynamic cone penetration index (mm/blow). 
   γd = Dry unit weight (kN/m3). 
   MC = Moisture content (%). 
   PI = Plasticity index (%). 
 
The earliest empirical equation was proposed by Hassan (1996) who found that the 
relationship was more significant at the optimum moisture content (OMC) than wet of OMC. 
Furthermore, it was also noted that Mr values from the relationship reported by Jianzhou et al. 
(1999) were obtained from the back-calculation of the falling weight deflectometer, not from 
the repeated load triaxial test. In addition, George and Uddin (2000) used both manual and 
automated DCP in their research work and concluded that there was no significant difference 
between these two types of DCP. 
 
Generally, it can be seen from the above empirical equations that all these correlations are 
only applicable for the DCP performed in the in-situ conditions. From the limitations of the 
current empirical relationships to estimate the Mr of fine-grained soils, the present study 
employs the dynamic lightweight cone penetrometer (DLP) with a 2.25 kg hammer to 
investigate the use of this DLP to estimate the Mr in the laboratory and in the field for fine-
grained soils. 
 
2. Materials and method 
 
2.1 Materials 
 
With the main objective being to investigate the relationship between Mr and DLP index 
(DLPI), a range of fine-grained soils was collected for the experimental programme. In total, 
eight different fine-grained soils were obtained from different suburbs in Melbourne, 
Victoria. A summary of the physical properties of these soils is provided in Table 3. 
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Table 3. Physical properties of the soil samples. 
 
Sample 
USCS 
Symbol 
OMC 
(%) 
MDD 
(t/m3) 
LL 
(%) 
PL 
(%) 
PI 
(%) 
Location 
S1 CL 26.8 1.41 39.1 24.1 15.0 Featherbrooke Estate, Point Cook 
S2 CL 19.5 1.49 25.3 18.2 7.10 Deer Park Bypass, Deer Park 
S3 CL 20.1 1.57 31.8 22.1 9.70 Waverley Park Estate, Mulgrave 
S4 CH 20.4 1.67 56.0 23.4 22.6 Garnet Street, Ferntree Gully 
S5 CL 17.5 1.52 25.4 13.7 11.7 Kingsley Avenue, Point Cook 
S6 SC 17.0 1.81 31.0 21.0 10.0 Processed quarry by-product 
S7 SC 14.0 1.84 25.9 17.0 8.90 Processed soil 
S8 SC 15.0 1.82 24.4 16.8 7.60 Processed soil 
 
 
2.2 Repeated load triaxial test 
 
In the laboratory, the repeated load triaxial equipment is used to measure the resilient 
modulus. The testing system used in this study is illustrated in Figure 2: 
 
  
 
Figure 2. Repeated load triaxial apparatus 
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Technically speaking, the main part of the repeated load triaxial system is a pneumatic 
loading frame that can produce a cyclic loading with a predetermined magnitude and loading 
time on the testing sample. The loading is measured by the load cell and the deformation is 
recorded by two linear variable differential transformers. All the transducers are located 
outside the triaxial cell. The confining medium used in the testing is dry air. The data are 
captured by the software that can be used for the analysis later. The current study used 
AASHTO T307: “Standard method of test for determining the Mr for soils and aggregate 
materials” as the main testing standard, because, currently, there is no Australian standard 
available for fine-grained soils. According to the testing standard, the soil sample should have 
a diameter of 100 mm and a height of 200 mm. The sample is compacted at the standard 
compaction energy and is mounted into a triaxial cell. Moreover, the AASHTO T307 also 
uses the haversine shaped load form. The cyclic load duration consists of 0.1 second for the 
loading period followed by the recovery duration of 0.9 second. The details of the loading 
sequences and the number of cycles for each sequence can be seen in Table 4. 
 
Table 4. Details of the testing sequence used in this study. 
 
Sequence 
number 
Confining stress (σ3) 
(kPa) 
Deviator stress (σd) 
(kPa) 
Number of load cycles 
(cycle) 
0 41.4 24.8 1,000 
1 41.4 12.4 100 
2 41.4 24.8 100 
3 41.4 37.3 100 
4 41.4 49.7 100 
5 41.4 62.0 100 
6 27.6 12.4 100 
7 27.6 24.8 100 
8 27.6 37.3 100 
9 27.6 49.7 100 
10 27.6 62.0 100 
11 13.8 12.4 100 
12 13.8 24.8 100 
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13 13.8 37.3 100 
14 13.8 49.7 100 
15 13.8 62.0 100 
 
2.3 Dynamic lightweight penetrometer (DLP) 
 
As mentioned earlier, the original DCP is mainly designed for the field conditions. The 
application of DCP in the laboratory has rarely been reported previously. This is due to the 
confining effect of the mould on DCPI. When performing the DCP test in the laboratory 
condition inside a compaction mould or a CBR mould the confining effect will become very 
significant and the results will not be comparable with those obtained in the field using the 
same penetrometer on the same soil.   
 
Nguyen and Mohajerani (2012) investigated the influence of confining effect of the CBR 
mould on the DCPI. In their study, they used two different moulds, a CBR mould and a large 
mould, to investigate the change of the hammer mass on the confinement effect. They used a 
relatively large cubic mould with a dimension of 700 mm to simulate the field conditions, and 
employed a wide range of hammer masses, including 2.5, 3.5, 4.6, 6.0, 8.0 and 9.0 kg with 
the Australian standard dynamic cone penetrometer. They found that the difference in value 
of DCPI, using the CBR mould and the large mould, reduces to an insignificant value for a 
hammer mass of 2.25 kg, for the experimental fine-grained soil used in their study. In 
addition, a good correlation has been found between the DLP index (DLPI) and CBR for 
fine-grained soils (Nguyen and Mohajerani 2014). 
 
In essence, the DLP is a modification of the DCP shown in the Australian Standard (AS) 
1289.6.3.2 (1997), which uses a 9 kg hammer. The DLP uses a lighter hammer of 2.25 kg. 
The other design parameters, such as the falling height of 510 mm and the cone angle of 30 
degree are unchanged. Technically, the soil sample is prepared in the mould used for the 
California Bearing Ratio test (AS 1289.6.1.1, 1998). The standard compaction method is 
performed at the given moisture content and the DLP test is carried out according to the AS 
1289.6.3.1.2 (1997) until it reaches a penetration depth of 150 mm. Figure 3 demonstrates the 
DLP test. 
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Figure 3. The demonstration of the DLP test 
 
2.4 Sample preparation 
 
In order to fulfil the main objective, the soil samples were compacted at the standard 
compaction effort (AS 1289.5.1.1, 2003) with 3 identical samples per testing condition. In 
order to investigate the effect of moisture content on the DLPI, individual soil samples were 
prepared at four different moisture contents – OMC, dry and wet of OMC and at the soaked 
condition. The dry and wet side of the OMC were taken at approximately ± 2.5 % of the 
OMC, which provided a variation range of 5% of OMC for the investigation. The soaked 
condition was achieved by soaking the compacted soil sample at OMC in the water for 4 
days. More details of all the soil samples are shown in Table 5. 
 
Table 5. Moisture content level and the degree of saturation for all the experimental soil 
samples. 
 
Sample Moisture content (%) Degree of saturation (%)* Moisture conditions 
S1-O 26.8 79 OMC 
S1-W 30.0 84 Wet of OMC 
S1-D 24.0 68 Dry of OMC 
S1-S 37.0 94 Soaked condition 
S2-O 19.5 65 OMC 
S2-W 23.0 72 Wet of OMC 
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S2-D 17.0 55 Dry of OMC 
S2-S 29.0 86 Soaked condition 
S3-O 20.1 75 OMC 
S3-W 23.0 80 Wet of OMC 
S3-D 17.0 57 Dry of OMC 
S3-S 27.0 86 Soaked condition 
S4-O 20.4 89 OMC 
S4-W 23.0 92 Wet of OMC 
S4-D 18.0 78 Dry of OMC 
S4-S 27.0 95 Soaked condition 
S5-O 17.5 63 OMC 
S5-W 20.0 67 Wet of OMC 
S5-D 15.0 51 Dry of OMC 
S5-S 24.0 74 Soaked condition 
S6-O 17.0 93 OMC 
S6-D 14.5 81 Dry of OMC 
S6-S 19.5 97 Soaked condition 
S7-O 14.0 81 OMC 
S7-W 16.5 86 Wet of OMC 
S7-D 11.5 63 Dry of OMC 
S7-S 18.9 93 Soaked condition 
S8-O 15.0 84 OMC 
S8-W 17.5 89 Wet of OMC 
S8-D 12.5 66 Dry of OMC 
S8-S 19.6 92 Soaked condition 
*Assumed specific gravity for all soils = 2.7 
 
3. Results and discussion 
  
As mentioned earlier, all the soil samples were tested with different moisture contents – 
OMC, wet and dry of OMC and soaked conditions. In addition, a total of 16 loading 
sequences were used for the repeated load triaxial test. The summary of the results for Mr in 
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terms of the stress sequences and the moisture content for all soil samples is shown in Figure 
4 to Figure 7 
 
Figure 4. Resilient modulus of all samples at dry of OMC for different stress levels (loading 
sequence number) 
 
Figure 5. Resilient modulus of all samples at OMC for different stress levels (loading 
sequence number) 
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Figure 6. Resilient modulus of all samples at wet of OMC for different stress levels (loading 
sequence number) 
 
 
Figure 7. Resilient modulus of all samples at soaked condition for different stress levels 
(loading sequence number) 
 
Figure 4 to Figure 7 show the effect of different types of the fine-grained soils with 
different LL and PI and other physical properties on Mr. For example, there is a clear 
distinction in Figure 6 between soil sample S4 with the USCS classification of CH and high 
PI and other soils with USCS classification of CL or SC and low PI values. This observation 
is well-agreed with the previous research works. For example, Carmichael and Stuart (1986) 
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found soils with USCS classification of CH have Mr values higher than soils with USCS 
classification of MH, ML and CL, and, Thompson and Robnett (1979), Farrar and Turner 
(1991), Hall and Thompson (1994), Pezo and Hudson (1994) and Rahim and George (2004) 
reported that high PI and LL values result in higher Mr values. 
 
Moreover, it can also be seen from the above figures that the Mr is highly dependent on the 
stress level including the deviator and confining stresses. From Table 4, from the loading 
sequence numbers 1 to 5, the deviator stress increases from 12.4 kPa to 62.0 kPa, respectively, 
whereas the confining stress is kept constant at 41.4 kPa. Figure 4 to Figure 7 show that the 
Mr decreases when the deviator stress increases for the loading sequence numbers 1 to 5. This 
observation is because, as the deviator stress increases, the permanent deformation of the 
sample increases, and, therefore, the resilient deformation reduces. This effect of deviator 
stress on the Mr is well reported in the literature (e.g., Thompson and Robnett 1979, Drumm 
et al. 1990). However, at the same deviator stress of 12.4 kPa, the confining stress values of 
the loading sequence numbers 1, 6 and 11 are 41.4, 27.6 and 13.8 kPa, respectively; it can be 
observed that the effect of the confining stress on the Mr is not clear. For example, in Figure 6, 
for soil sample S1, as the confining stress decreases, the Mr increases. However, it is also 
found that the Mr decreases when the confining stress reduces for soil S2. It can be concluded 
that the Mr does not depend on the confining stress; this observation is in good agreement 
with previous research (e.g., Seed et al. 1962, Thomson and Robnett 1976, Rada and Witczak 
1981, Pezo and Hudson 1994). 
 
Because Mr is stress dependent, before investigating the correlation between Mr and DLPI, 
a field representative Mr value from the repeated load triaxial test results should be selected. 
Technically speaking, the field representative Mr value is very important because it will be 
used as the design parameter. To obtain this field representative Mr value, typical stresses on 
the top of the subgrade resulting from a standard single axle loading of 80 kN and a contact 
wheel pressure of 689 kPa were investigated. In their study, George and Uddin (2000) 
selected the deviator stress of 37.2 kPa and the confining stress of 13.78 kPa to develop the 
correlation between the laboratory Mr and DCPI for fine-grained soils. Furthermore, in 2004, 
Rahim and George also performed an analysis for a typical pavement selected for the stress 
analysis consisting of a 50 mm asphalt wearing course, 100 mm asphalt binder course, and 
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150 mm lime-treated subgrade. They showed that the standard single axle loading of 80 kN 
yielded a deviator stress of 37.2 kPa (5.4 psi) and a confining stress of 13.78 kPa (2 psi) on 
the top of the subgrade. Therefore, for the current study, an approximate field representative 
deviator stress of 37.2 kPa and a confining stress of 13.78 kPa were selected to develop a 
relationship of Mr and the DLPI. The testing results of the Mr and DLPI are described in 
Table 6. 
 
Table 6. Resilient modulus and DLPI for all the soil samples. 
 
Sample DLPI (mm/blow) Mr (MPa) 
S1-D 5 89 
S1-O 4 70 
S1-W 6 40 
S1-S 11 12 
S2-D 2 70 
S2-O 2 65 
S2-W 3 61 
S2-S 10 5 
S3-D 2 143 
S3-O 1 117 
S3-W 5 116 
S3-S 11 29 
S4-D 2 127 
S4-O 1 100 
S4-W 6 104 
S4-S 8 20 
S5-D 3 114 
S5-O 2 115 
S5-W 3 52 
S5-S 26 4 
S6-D 5 73 
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S6-O 2 62 
S6-S 12 10 
S7-D 5 72 
S7-O 2 76 
S7-W 11 15 
S7-S 24 16 
S8-D 8 82 
S8-O 3 61 
S8-W 9 19 
S8-S 19 13 
 
It has been well documented by previous researchers that besides the applied stress, the 
moisture content also has a significant effect on the Mr and the DLPI (e.g., Pezo et al. 1992, 
Kleyn and Savage 1982, Hopkins et al. 2001, Ooi et al. 2004, Cary and Zapata 2010, Nguyen 
and Mohajerani 2014). The effect of the moisture content on the DLPI for all soil samples is 
shown in Figure 8.  
 
Figure 8. DLPI of all soil samples at different moisture contents 
 
From Figure 8, it can be clearly observed that the DLPI is strongly dependent on the 
moisture content level for all soil samples. Basically, the DLPI is smallest at the OMC and is 
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higher at the dry and wet side of optimum moisture. This can be explained by the influence of 
the moisture content on the mechanical strength of the soils. As the moisture reduces or 
increases, the strength of the sample decreases accordingly. It can also be seen that the DLPI 
is largest in the soaked condition. The change of DLPI in the soaked conditions compared 
with other moisture content levels is significantly high. 
 
 
Figure 9. Resilient modulus values of all soil samples at different moisture contents (σd = 
37.2 kPa and σ3 = 13.78 kPa) 
 
Obviously, from the above figure, it can be observed that as the moisture content increases, 
the Mr decreases. In addition, the highest Mr value can be seen at the dry of the OMC even 
though the dry density of the sample at the dry of OMC is not the maximum dry density. This 
can be explained due to the capillary suction and lack of lubrication at the dry moisture. 
Under the effect of capillary suction, soil particles are forced to move close to each other, 
which can increase the effective stress, therefore increasing the Mr. The soaked condition 
gives the smallest Mr value. These behaviours are typical for fine-grained soils (e.g., 
Barksdale 1972, Fredlund 1977, Drumm et al. 1990, Huang 2001, Butalia et al. 2003 and 
Heydinger 2003). 
 
Before investigating the relationship of Mr and DLPI for all the soil samples, the 
correlation for each soil sample with four different moisture content levels was investigated 
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individually for deviator stress of 37.2 kPa and confining stress of 13.78 kPa. Different 
equation formats have been tried for the regression. Among them, the log-log format 
described the best relationship between Mr and DLPI and can be seen in Equation 3. 
 Log(M) = a + b	Log(DLPI)																																						     (3) 
 
Where: a, b = Regression coefficients. 
 
The regression coefficients and coefficient of determination of the above relationship for 
the individual soil types are illustrated in Table 7. 
 
Table 7. The regression coefficients and coefficient of determination for individual soil types. 
 
Sample a b R2 
S1 2.694 -1.430 0.76 
S2 2.382 -1.161 0.95 
S3 2.401 -0.789 0.78 
S4 2.134 -0.568 0.41 
S5 2.520 -1.382 0.96 
S6 2.249 -1.001 0.68 
S7 2.173 -0.752 0.78 
S8 2.279 -0.838 0.52 
 
It can be observed from Table 7 that the correlation of soil sample S5 has the highest 
coefficient of determination (R2 = 0.96) and soil sample S4 has the lowest R2 of 0.41. The 
low R2 of soil S4 could be due to its high plasticity. In order to investigate the relationship 
between Mr and DLPI for all different experimental soil samples, all the data are used for the 
analysis; the relationship of Mr and DLPI for all the experimental soil samples is presented in 
Equation 4 and illustrated in Figure 10. 
 Log(M) = 2.242 − 0.890	Log(DLPI)																					(RF = 0.64)	            (4) 
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Figure 10. The relationship of resilient modulus and DLPI for all samples (σd = 37.2 kPa and 
σ3 = 13.78 kPa)  
 
From Figure 10, it can be observed that the relationship between Mr and DLPI for all the 
experimental soils with different moisture content levels is good with a coefficient of 
determination, R2, of 0.64. 
 
Furthermore, the following Equations 5 and 6, found from the regression analysis, show 
that the inclusion of moisture content (MC), maximum dry density (MDD) and plasticity 
index (PI) in the model shown in Equation 4 and Figure 10, has not improved the coefficient 
of determination R2 value. This may be due to the fact that the influence of the variation of 
these properties, and other properties such as degree of saturation and soil suction, on Mr is 
already included in the DLPI. 
 Log(M) = 231.007 − 0.729Log(DLPI) − 0.739Log(MC) + 0.708Log(PI)     (R2=0.60) (5) 
 Log(M) = 351.686 − 0.719Log(DLPI) − 0.833Log(MC) − 0.357Log(MDD) +0.715Log(PI)                 (R2=0.60) (6) 
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It should be noted that, in the field, the subgrade soil is usually compacted close to the 
100 % of the standard compaction energy and at the OMC in order to achieve the maximum 
dry density. However, over the service life of the pavement, under the changes of the 
seasonal climate and the drainage conditions, the moisture content of the subgrade soils 
underneath the pavement is eventually changed to the wet side of the OMC. For instance, 
Uzan (1998) found that the subgrade soils showed an increase in moisture content to about 
30% higher than the plastic limit of the soil during the first 5 years of pavement service life. 
Moreover, it was also reported that the moisture content of the subgrade soils would change 
until reaching the equilibrium moisture content (e.g., Elfino and Davidson 1989, 
Thadkamalla and George 1995 and Uzan 1998). Therefore, in order to eliminate that effect 
and characterise the typical change of the moisture content in the pavement, it is proposed to 
consider the wet side of the OMC in the relationship. 
 
 
Figure 11. Resilient modulus vs. DLPI for the moisture content (OMC + wet + soaked) for all 
soil samples (σd = 37.2 kPa and σ3 = 13.78 kPa)  
 
Figure 11 is the correlation to predict the Mr from DLPI for the wet side of the OMC only. 
From this figure, it can be observed that there is significant improvement with the 
consideration of the moisture content level when analysing the relationship between the Mr 
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and DLPI. Finally, the Mr of the experimental soils can be estimated from the DLPI by using 
the following correlation: 
 Log(M) = 2.176 − 0.847	Log(DLPI)																					(RF = 0.70)	            (7) 
 
Or  													M = 150	(DLPI))C.SEI																																				(RF = 0.70)	            (8) 
 
The above relationship is for the deviator stress of 37.2 kPa and the confining stress of 
13.78 kPa, as discussed before. Table 8 shows the regression coefficients, coefficient of 
determination (R2), Root Mean Square Error (RMSE) and Normalised Root Mean Square 
Error (NRMSE) for all the experimental applied stresses, for the general model shown as 
Equation 9. 
 													M = A	(DLPI)T																																				             (9) 
 
Table 8. Regression coefficients, coefficient of determination, Root mean square error and 
normalised root mean square error for all the experimental applied stresses. 
Sequence 
number 
σ3 
(kPa) 
σd 
(kPa) 
A 
 
B 
 
R2 
 
RMSE 
(MPa) 
NRMSE 
0 41.4 24.8 151.27 - 0.767 0.63 32.52 0.190 
1 41.4 12.4 161.41 - 0.704 0.60 43.36 0.159 
2 41.4 24.8 152.04 - 0.763 0.63 32.62 0.192 
3 41.4 37.3 145.38 - 0.845 0.65 29.99 0.192 
4 41.4 49.7 135.39 - 0.817 0.67 27.70 0.184 
5 41.4 62.0 130.03 - 0.795 0.68 25.66 0.174 
6 27.6 12.4 149.75 - 0.702 0.55 39.67 0.206 
7 27.6 24.8 136.51 - 0.766 0.59 30.87 0.195 
8 27.6 37.3 130.60 - 0.795 0.61 28.75 0.187 
9 27.6 49.7 123.92 - 0.773 0.62 26.83 0.181 
10 27.6 62.0 119.93 - 0.741 0.64 25.05 0.178 
11 13.8 12.4 127.98 - 0.652 0.53 33.42 0.213 
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12 13.8 24.8 121.08 - 0.727 0.58 28.28 0.200 
13 13.8 37.3 150.00 - 0.847 0.70 26.90 0.195 
14 13.8 49.7 111.12 - 0.715 0.61 24.45 0.184 
15 13.8 62.0 108.97 - 0.688 0.62 23.19 0.180 
 
The above general model (Equation 9) may be used for the estimation of Mr for fine-grained 
subgrade soils using the DLPI found from a laboratory or field test results at any moisture 
content from OMC to soaked soil conditions.  
 
It should be noted that the proposed predication model is based on the results from the 
experimental soils used in this study. Further experimental work using different types of 
subgrade fine-grained soils, with low to high plasticity (CL, CH, ML, MH) and different 
particle size distributions is recommended for the development of general prediction models 
with universal values for coefficients A and B, at different field stress levels. 
 
4. Conclusion 
 
This study investigated the possibility of application of the dynamic lightweight cone 
penetrometer for the estimation of the resilient modulus of fine-grained soils. Eight different 
subgrade fine-grained soils, which were prepared at optimum moisture contents, wet and dry 
of optimum moisture content and soaked conditions, were used for the investigation. The 
repeated load triaxial test following the AASHTO T307-99 (1999) standard was employed to 
determine the resilient modulus (Mr). Moreover, dynamic lightweight cone penetration tests 
were performed to obtain the dynamic lightweight penetrometer index (DLPI) of the samples 
in the laboratory, following the procedure used in the Australian standard AS 1289.6.3.2 
(1997) for the standard dynamic cone penetrometer. 
 
Based on the results from the experimental work, the following relationship was found 
between Mr and DLPI for the deviator stress of 37.2 kPa and the confining stress of 13.78 
kPa which are typical stresses on the top of the subgrade resulting from a standard single axle 
loading of 80 kN and a contact wheel pressure of 689 kPa for a selected typical pavement. It 
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should be noted that all the samples were compacted using the same, standard compactive 
energy and therefore have variable dry density, void ratio and resilient modulus values. 
 
              													M = 150	(DLPI))C.SEI																																														(RF = 0.70)	
                 
Based on the above equation the following model was proposed and coefficients A and B and 
the R2 values for all stress levels used in the experimental study in the repeated load triaxial 
tests were determined as shown in the following table. 
 													M = A	(DLPI)T																																				 
 
Sequence 
number 
Confining 
stress 
σ3 (kPa) 
Deviator 
stress 
σd (kPa) 
A B R2 
RMSE 
(MPa) 
NRMSE 
0 41.4 24.8 151.27 - 0.767 0.63 32.52 0.190 
1 41.4 12.4 161.41 - 0.704 0.60 43.36 0.159 
2 41.4 24.8 152.04 - 0.763 0.63 32.62 0.192 
3 41.4 37.3 145.38 - 0.845 0.65 29.99 0.192 
4 41.4 49.7 135.39 - 0.817 0.67 27.70 0.184 
5 41.4 62.0 130.03 - 0.795 0.68 25.66 0.174 
6 27.6 12.4 149.75 - 0.702 0.55 39.67 0.206 
7 27.6 24.8 136.51 - 0.766 0.59 30.87 0.195 
8 27.6 37.3 130.6 - 0.795 0.61 28.75 0.187 
9 27.6 49.7 123.92 - 0.773 0.62 26.83 0.181 
10 27.6 62.0 119.93 - 0.741 0.64 25.05 0.178 
11 13.8 12.4 127.98 - 0.652 0.53 33.42 0.213 
12 13.8 24.8 121.08 - 0.727 0.58 28.28 0.200 
13 13.8 37.3 150.00 - 0.847 0.70 26.90 0.195 
14 13.8 49.7 111.12 - 0.715 0.61 24.45 0.184 
15 13.8 62.0 108.97 - 0.688 0.62 23.19 0.180 
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The above general model may be used for the estimation of Mr for fine-grained subgrade 
soils using the DLPI found from a laboratory or field penetration test at any moisture content 
from optimum moisture content to soaked soil conditions. However, it should be noted that 
very low suction at the high moisture content as well as higher suction at the low moisture 
content below optimum level may also affect the relationship between Mr and DLPI. 
 
Further experimental work with different types of subgrade fine-grained soils, with low to 
high plasticity and different particle size distributions, is recommended for the development 
of general prediction models. 
Notation 
 
σ3   confining stress (kPa) 
σd   deviator stress (kPa)  
DCP  dynamic cone penetrometer 
DCPI  dynamic penetration index (mm/blow) 
DLP  dynamic lightweight cone penetrometer 
DLPI  dynamic lightweight penetration index (mm/blow) 
CH  high plasticity clayed soil 
MH  high plasticity silty soil 
LL  liquid limit (%) 
CL  low plasticity clayed soil 
ML  low plasticity silty soil 
PI  plasticity index (%) 
PL  plastic limit (%) 
MC  moisture content (%) 
MDD  maximum dry density (t/m3) 
NRMSE normalised root mean square error. 
Mr  resilient modulus (MPa) 
OMC   optimum moisture content (%) 
RMSE  root mean square error 
USCS  unified soil classification system 
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5.5.1  Introduction 
 
The resilient modulus has been recognised as being an important property that governs the 
performance of pavement materials under traffic load. In the laboratory, Mr can be obtained 
from a repeated load triaxial test with a series of a combination of σd and σ3. Mr is then 
reported as a function of σd and σ3, which can be a practical challenge in selecting the 
appropriate Mr value for the pavement design. In order to overcome the above limit of the 
standard testing method, a simplified method for the repeated triaxial test was developed for 
fine-grained soils. In the simplified method, Mr is reported as a single value, which is taken 
as the average value of all the loading sequences. It was found that Mr obtained from the 
proposed simplified and the standard testing method are almost identical. 
 
The experimental materials, testing methods and results from this development have been 
published in the Transportation Geotechnics journal. A copy of the published paper is 
presented in this section. 
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RESILIENT MODULUS OF FINE-GRAINED SOIL AND A 
SIMPLE TESTING AND CALCULATION METHOD FOR 
DETERMINING AN AVERAGE RESILIENT MODULUS 
VALUE FOR PAVEMENT DESIGN 
 
 
Abstract 
 
The resilient modulus has been recognised as an important property that governs the 
performance of pavement materials under the dynamic wheel loads. The resilient modulus 
can be obtained from a repeated load triaxial test with a series of a combination of deviator 
and confining stresses. It is traditionally reported as a function of the deviator and confining 
stresses, which can be a practical challenge in selecting the appropriate resilient modulus 
value for a pavement design. In this study, eight different Victorian fine-grained soils with 
different moisture contents were used for the determination of the resilient modulus and the 
evaluation of a proposed simplified method. The resilient modulus from the simplified 
method is reported as a single value, which is taken as the average value from the simplified 
testing method. It has been found that the resilient modulus obtained from the proposed 
simplified and the standard testing method are almost identical. 
 
Keywords: Pavement; Resilient modulus; Fine-grained soils; Subgrade; repeated load 
triaxial. 
 
1. Introduction 
 
Generally, roadway pavements are very complex structures that can be categorised into two 
groups – flexible and rigid.    A typical flexible pavement structure consists of the surface 
course and the underlying base and sub-base courses.  A subgrade soil is the foundation of 
the pavement.  For a long time, the behaviour of subgrade soils and pavement granular 
materials was evaluated based on a quasi-static property, such as the California Bearing Ratio 
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(CBR). However, the CBR test is not representative of the dynamic response of the pavement 
structure under the actual traffic loading of moving vehicles. 
 
With the introduction of the concept of the resilient modulus (Mr) as the material stiffness 
in the mid-1950s (Seed 1955), considerable attention has been devoted to evaluate the 
behaviour of subgrade soils as well as the base and sub-base granular materials under 
repeated dynamic loading.  In the “AASHTO Guide for Design of Pavement Structures” 
(AASHTO 1993) and “AUSTROADS Pavement Design Guide” (Austroads 2012), Mr has 
been recognised as an important property that governs the subgrade and granular materials 
performance, and has been recommended for pavement design and analysis. 
 
The resilient modulus can be obtained directly from the repeated load triaxial test in the 
laboratory and is defined as the ratio of the deviator stress to the recoverable elastic strain 
after a series of a combination of confining and deviator stresses applied to a specimen. The 
Mr is a function of the stresses applied. Therefore, the main parameter that can affect the 
value of Mr is the deviator stress and confining stress that is applied to the sample. In order to 
take into account the effect of these parameters, several constitutive models have been 
proposed and evaluated by many researchers for modelling the Mr of fine-grained and coarse-
grained soils. No stress or deformation analysis can be meaningful unless a correct 
constitutive equation describing the actual behaviour of the material has been used in the 
analysis. A summary of some of the equations used for the modelling of Mr is given in the 
Table 1. 
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Table 1. Some of the equations reported for the modelling of resilient modulus. 
 
Equation No. Equation References 
1 
2k
3
r 1
a
M k
P
 σ
= × 
 
 
Dunlap (1963) 
2 
2k
d
r 1
a
M k
P
 σ
= × 
 
 
Moossazadeh and Witczak (1981) 
3 
2k
sum
r 1
a
M k
P
 σ
= × 
 
 
Seed et al. (1967) 
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2 3k k
sum d
r 1 a
a a
M k P
P P
   σ σ
= × × ×   
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Uzan (1985) 
5 
2 3k k
sum oct
r 1 a
a a
M k P
P P
   σ τ
= × × ×   
   
 
Witzcak and Uzan (1988) 
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2 3k k
sum oct
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a a
M k P 1
P P
   σ τ
= × × × +   
   
 
National highway cooperative 
research programme project 1-28A 
(2004) 
 
Where: Mr = resilient modulus (MPa) 
  k1, k2 and k3 = regression coefficients 
  σ3 = confining stress (kPa) 
 σd = deviator stress (kPa) 
 σsum = sum of principle stresses (kPa) 
 τoct = octahedral shear stress = 1/3 ((σ1 – σ2)2 + (σ2 – σ3)2 + (σ3 – σ1)2)1/2 (kPa)  
 Pa = reference stress (kPa) = 100 (kPa) 
 
It can be seen from Table 1 that in Equation 1, the effect of σd on Mr is not considered. 
This model has been more widely used for unbound granular materials where σ3 is more 
important to hold the sample particles together. On the other hand, the effect of σ3 on Mr is 
not included in Equations 2. For fine-grained soils, the influence of σ3 on Mr is insignificant 
because the overall strength of fine-grained soils is basically from the cohesion rather than 
from the friction or interlocking of particles (Nguyen and Mohajerani 2015). Moreover, it is 
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also noticed that regardless of the values of σd and σ3, same sum of principal stresses will 
always give the same Mr values from Equation 3. This means that Equation 3 cannot be used 
to characterise the influence of σd and σ3 on Mr individually. Furthermore, in order to 
consider the change of normal and shear stress during the loading period, octahedral shear 
stress is introduced in Equations 5 and 6. 
 
In addition to the stress level, Mr can also be affected by other soil parameters, such as 
moisture content, especially for fine-grained soils. Change in the moisture content can easily 
happen to the pavement during the construction stage as well as in the long term. Basically, 
the moisture content is changed due to the seasonable change of groundwater table and the 
environmental conditions. Therefore, the moisture content must be taken into account when 
estimating the Mr (Phillip and Cameron 1994). Technically, the higher the moisture level, the 
lower Mr. It is commonly known that an increase in the moisture will make the permanent 
deformation of fine-grained soils higher, therefore reducing the resilient part of the 
deformation. In addition, it has also been observed that Mr of unsaturated fine-grained soils is 
not only sensitive to the moisture content but also to the capillary suction. It has been 
reported that Mr of fine-grained soils decreases when matric suction decreases (Sauer and 
Monismith 1968; Khoury et al. 2003; Yang et al. 2008; Ng et al. 2013). It should be noted 
that although fine-grained subgrade soils are usually in unsaturated conditions, the effect of 
matric suction is not always considered in the repeated load triaxial test due to the 
complexities and difficulties in suction control and the measurement during the test. 
 
The objective of this study was to study the resilient behaviour of some Victorian fine-
grained subgrade soils and to investigate the possibility of developing a simplified method for 
the determination of the resilient modulus for pavement design. 
 
2. Materials and methods 
 
In the testing programme, a total of eight different fine-grained soils obtained from different 
suburbs in Melbourne, Victoria were used. The summary of the physical properties of these 
experimental soils is shown in the Table 2: 
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Table 2. Physical properties of experimental soil samples. 
 
Sample 
No. 
Sample 
Location 
USCS 
Symbol 
OMC 
(%) 
MDD 
(t/m3) 
S1 Featherbrooke Estate, Point Cook CL 26.8 1.41 
S2 Deer Park Bypass, Deer Park CL 19.5 1.49 
S3 Waverley Park Estate, Mulgrave CL 20.1 1.57 
S4 Garnet Street, Ferntree Gully CH 22.9 1.67 
S5 Kingsley Avenue, Point Cook CL 19.6 1.52 
S6 Processed quarry by-product SC 17.0 1.81 
S7 Processed soil SC 14.0 1.84 
S8 Processed soil SC 15.0 1.82 
 
Where: USCS = unified soil classification system 
 OMC = optimum moisture content (%) 
        MDD = maximum dry density (t/m3) 
 
Since the pavement materials are subjected to a series of distinct load pulses, a laboratory 
test that can simulate this condition is desirable. The repeated load type of test has been used 
for many years to simulate vehicle loading. In the repeated load triaxial test, soil specimens 
are subjected to a series of repeated loads, applied with a rest period to simulate the stresses 
caused by multiple wheels moving over the pavement. An all-around confining pressure 
applied on the specimen simulates the lateral stresses caused by the overburden pressure and 
applied wheel load. There are two main reasons supporting the use of the repeated load 
triaxial test for determination of Mr (Barksdale et al. 1998). Firstly, in the triaxial test, 
predetermined confining and vertical stresses are applied to the specimen. Secondly, axial, 
radial, and volumetric strains can all be measured in the triaxial test. The laboratory 
equipment used in the current study was a universal testing system for repeated load triaxial 
testing (Figure 1).  
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Figure 1. Universal testing system repeated load triaxial system used in this study 
 
Basically, the system consists of a computer controlled loading frame that can provide a 
cyclic loading on a soil sample mounted inside a triaxial cell. The testing standard AASHTO 
T307-99 (2007): “Standard method of test for determining the Mr of soils and aggregate 
materials” was employed in this study. The sample dimensions used were of 100 mm 
diameter and 200 mm height. The haversine shaped load form was used and a cyclic load 
duration of 0.1 seconds followed by a recovery duration of 0.9 seconds was applied. The 
details of the loading sequences and the number of cycles are shown in the Table 3. 
 
Table 3. Details of testing sequence for the experimental soils 
 
Sequence 
No. 
Confining stress 
(kPa) 
Deviator stress 
(kPa) 
Contact 
stress (kPa) 
Number of load cycles 
(cycle) 
0 41.4 24.8 2.8 1,000 
1 41.4 12.4 1.4 100 
2 41.4 24.8 2.8 100 
3 41.4 37.3 4.1 100 
4 41.4 49.7 5.5 100 
5 41.4 62.0 6.9 100 
6 27.6 12.4 1.4 100 
7 27.6 24.8 2.8 100 
8 27.6 37.3 4.1 100 
9 27.6 49.7 5.5 100 
10 27.6 62.0 6.9 100 
11 13.8 12.4 1.4 100 
12 13.8 24.8 2.8 100 
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13 13.8 37.3 4.1 100 
14 13.8 49.7 5.5 100 
15 13.8 62.0 6.9 100 
 
In the Table 3, besides the confining stress and deviator stress, the contact stress is also 
required to maintain a positive contact between the loading pedestal and the sample. The 
value of the contact stress is calculated as 0.1 of the total amount of the deviator stress and 
the contact stress applied on the testing sample. Moreover, according to testing standard 
AASHTO T307-99 (2007), there are 16 steps of repeated loading in the test to cover a wide 
range of typical traffic loading. The first sequence, which is considered as the pre-
conditioning sequence has 1,000 loading cycles. The other sequences have 100 loading cycles. 
 
As mentioned above, eight different fine-grained soils at different moisture contents were 
used in this study. The samples were compacted at the standard compaction energy according 
to Australian Standard AS 1289.5.1.1 (2003) with 3 identical samples per testing condition. 
The samples were prepared at optimum moisture content, dry and wet of the optimum 
moisture content and at the soaked condition. The moisture contents determined for the 
resilient test samples are presented in Table 4. 
 
Table 4. Moisture content level and the degree of saturation for all the experimental soil 
samples 
 
Sample Moisture content (%) Degree of saturation (%)* Comments 
S1-O 26.8 79 OMC 
S1-W 30.0 84 Wet of OMC 
S1-D 24.0 68 Dry of OMC 
S1-S 37.0 94 Soaked condition 
S2-O 19.5 65 OMC 
S2-W 23.0 72 Wet of OMC 
S2-D 17.0 55 Dry of OMC 
S2-S 29.0 86 Soaked condition 
S3-O 20.1 75 OMC 
S3-W 23.0 80 Wet of OMC 
S3-D 17.0 57 Dry of OMC 
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S3-S 27.0 86 Soaked condition 
S4-O 20.4 89 OMC 
S4-W 23.0 92 Wet of OMC 
S4-D 18.0 78 Dry of OMC 
S4-S 27.0 95 Soaked condition 
S5-O 17.5 63 OMC 
S5-W 20.0 67 Wet of OMC 
S5-D 15.0 51 Dry of OMC 
S5-S 24.0 74 Soaked condition 
S6-O 17.0 93 OMC 
S6-D 14.5 81 Dry of OMC 
S6-S 19.5 97 Soaked condition 
S7-O 14.0 81 OMC 
S7-W 16.5 86 Wet of OMC 
S7-D 11.5 63 Dry of OMC 
S7-S 18.9 93 Soaked condition 
S8-O 15.0 84 OMC 
S8-W 17.5 89 Wet of OMC 
S8-D 12.5 66 Dry of OMC 
S8-S 19.6 92 Soaked condition 
*Assumed specific gravity for all soils = 2.7 
3. Results and discussion 
 
As mentioned earlier in the testing procedure, the Mr tests were carried out with the 16 stress 
combinations or sequences and at different moisture contents, including the OMC, wet and 
dry of OMC (approximately ± 2.5 %) and at the soaked conditions. The summary of the 
results for Mr in terms of the stress sequences and the moisture content can be seen in Figure 
2 to Figure 9:  
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Figure 2. Resilient modulus of soil S1 at different moisture contents 
 
Figure 3. Resilient modulus of soil S2 at different moisture contents 
 
Figure 4. Resilient modulus of soil S3 at different moisture contents 
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Figure 5. Resilient modulus of soil S4 at different moisture contents 
 
Figure 6. Resilient modulus of soil S5 at different moisture contents 
 
 
 
Figure 7. Resilient modulus of soil S6 at different moisture contents 
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Figure 8. Resilient modulus of soil S7 at different moisture contents 
 
Figure 9. Resilient modulus of soil S8 at different moisture contents 
 
Obviously, it can be observed from the above figures that the Mr values are highly 
dependent on the moisture content as expected. Generally speaking, as the moisture content 
increases, the Mr decreases and the highest Mr values can be seen at the dry of the optimum 
moisture content. In contrast, the soaked condition gives the smallest Mr value. These 
behaviours are typical for fine-grained soils (Fredlund et al. 1977; Pezo et al. 1992; Drumm 
et al. 1997; Mohammad et al. 1999; Hopkin et al. 2001; Huang 2001; Butalia et al. 2003; 
Heydinger 2003; Ooi et al. 2004; Wolfe and Butalia 2004; Richter 2006; Zaman and Khoury 
2007; Cary and Zapata 2010). Furthermore, it is also observed, from Figure 2 to 9, that 
different soil samples have different ranges of Mr values due to the effects of different 
physical properties. This observation is agreed with the reports from previous research works 
(Thompson and Robnett 1979; Brown and Pappin 1981; Burczyk et al. 1994; Pezo and 
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Hudson 1994; Santha 1994; Lee et al. 1995; Drumm et al. 1997; Lee et al. 1997; Von 
Quintus and Killingsworth 1998; Mohammad et al. 1999; Dai and Zollars 2002). 
 
In addition, it is well-known that the stress levels also have a significant impact on the Mr 
value. As mentioned in the literature review earlier, there are six mathematical models to 
represent the Mr in terms of the stress level. In order to investigate the effect of the deviator 
stress, confining stress and the moisture content on Mr for these experimental soils in detail, 
the relationship among the Mr and these independent variables are plotted from Figure 10 to 
Figure 11 as follows: 
 
 
Figure 10. The relationship between the resilient modulus and deviator stress at a confining 
stress of 27.6 kPa and at the OMC for all soil samples 
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Figure 11. The relationship between the resilient modulus and confining stress at a deviator 
stress of 37.3 kPa and at the wet of OMC for all soil samples 
 
It can be seen from Figure 10 that the Mr decreases when the deviator stress increases. On 
the other hand, at a same deviator stress level, the results presented in Figure 11 show that the 
effect of the confining pressure on Mr is not significant.  Similar findings have been reported 
by others for fine-grained soils (e.g., Thompson and Robnett 1979, George 2004). 
 
As mentioned earlier, Mr is not a constant stiffness parameter and is a function of the 
stresses applied and the moisture content. In order to take into account the effect of these 
stresses, several constitutive models have been proposed as discussed earlier. In this study, 
the model proposed by Moossazadeh and Witczak (1981) (Equation 7) and the model 
introduced by Uzan (1985) (Equation 8) were selected for the calculation of Mr and 
coefficient values. 
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Where: Mr = resilient modulus (MPa) 
 k1, k2, k3 k4 and k5 = regression coefficients.  
 σd = deviator stress (kPa) 
 σsum = sum of principle stresses (kPa) 
 Pa = reference stress (kPa) = 100 (kPa) 
 
Compared with other models, Equation 7 not only characterises the nonlinear behaviour of 
the sample but also considers the significant effect of the deviator stress on the Mr. On the 
other hand, in Equation 8, the significant influence of the deviator and the lower impact of the 
confining stress are described in terms of bulk stress. The regression coefficients of the above 
models k1, k2, k3, k4 and k5 for the fine-grained soils and moisture conditions used in this 
study are shown in Table 5. 
 
 
 
 
 
 
Table 5. The regression coefficients for individual soil samples at each moisture content. 
 
Soil 
sample 
Equation 7 Equation 8 
k1 k2 R2 k3 k4 k5 R2 
S1-D 1,321.68 -0.097 0.67 801 0.119 -0.129 0.98 
S1-O 956.76 -0.077 0.54 638 0.108 -0.106 0.88 
S1-W 982.70 -0.245 0.94 312 0.038 -0.255 0.95 
S1-S 97.32 0.149 0.60 214 -0.229 0.210 0.61 
S2-D 1620 -0.207 0.82 584 0.156 -0.248 0.96 
S2-O 1,415.2 -0.196 0.80 533 0.163 -0.239 0.98 
S2-W 429.79 -0.316 0.48 81 0.500 -0.449 0.86 
S2-S 27.56 0.310 0.68 97 0.390 0.207 0.77 
S3-D 2,491.7 -0.128 0.55 1,268 0.200 -0.181 0.97 
S3-O 1,761.8 -0.082 0.30 1,095 0.223 -0.141 0.97 
S3-W 1,727.8 -0.109 0.87 1,046 0.002 -0.109 0.87 
S3-S 1,108.67 -0.342 0.73 209 0.215 -0.399 0.83 
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S4-D 4,682.12 -0.327 0.69 890 0.350 -0.420 0.93 
S4-O 1,294.41 -0.030 0.33 973 0.323 -0.117 0.99 
S4-W 3,814.86 -0.330 0.80 747 0.289 -0.403 0.99 
S4-S 758.23 -0.352 0.72 136 0.222 -0.411 0.82 
S5-D 2,509.29 -0.181 0.44 933 0.356 -0.275 0.96 
S5-O 3,789.83 -0.290 0.71 876 0.299 -0.369 0.94 
S5-W 1,089.65 -0.171 0.46 433 0.312 -0.254 0.95 
S5-S 453.89 -0.307 0.80 105 0.111 -0.336 0.84 
S6-D 2,265.31 -0.271 0.63 554 0.367 -0.368 0.99 
S6-O 1,811.32 -0.266 0.82 495 0.167 -0.310 0.93 
S6-W 505.41 -0.386 0.78 79 0.251 -0.448 0.85 
S6-S 503.98 -0.388 0.75 76 0.245 -0.453 0.84 
S7-D 1,595.86 -0.176 0.39 601 0.385 -0.278 0.98 
S7-O 1,071.59 -0.092 0.91 695 0.021 -0.098 0.92 
S7-W 496.72 -0.348 0.71 111 -0.237 -0.285 0.82 
S7-S 367.45 -0.250 0.70 125 -0.168 -0.206 0.80 
S8-D 1,118.17 -0.075 0.76 768 0.070 -0.093 0.97 
S8-O 970.09 -0.113 0.52 537 0.164 -0.156 0.86 
S8-W 812.68 -0.384 0.93 133 0.091 -0.408 0.95 
S8-S 417.83 -0.329 0.86 99 -0.160 -0.286 0.93 
 
 
4. Proposed simplified method 
 
This study proposes a simplified version of the repeated load triaxial test with only 5 loading 
sequences for fine-grained soils, as shown in Table 6. The testing standard AASHTO T307-
99 (2007) requires 16 sequences (Table 3). 
 
Table 6. The loading sequence of the simplified testing procedure. 
 
Sequence 
No. 
Confining stress 
(kPa) 
Deviator stress 
(kPa) 
Contact stress 
(kPa) 
Number of load cycles 
(cycle) 
1 13.8 12.4 1.4 1,000 
2 13.8 24.8 2.8 100 
3 13.8 37.3 4.1 100 
4 13.8 49.7 5.5 100 
5 13.8 62.0 6.9 100 
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The confining stress is selected as 13.8 kN and is kept as constant for the whole testing 
procedure. This stress value is based on the field representative confining stress on the top of 
the subgrade resulting from a standard single axle loading of 80 kN and a contact wheel 
pressure of 689 kPa, as reported from the previous research works (e.g., George and Uddin 
2000, Rahim et al. 2004). Moreover, the values for the deviator stress are kept the same as 
the testing standard. The contact stress, which is applied to the sample in order to maintain a 
positive contact between the loading pedestal and the sample, is selected using the same 
value as in the testing standard.  
 
Technically speaking, in a standard test, after the repeated load triaxial test in the 
laboratory, about 15 different values of the Mr corresponding to each different loading 
sequence are collected. After that, in the report, the Mr will be presented as a function of 
stress level, using one of the seven models as mentioned earlier. This means that the report 
issued from the testing laboratory to the pavement designer will not show the resilient 
modulus as a constant value but in the form of a regression model, as presented in the 
previous section. It is implied that it is the responsibility of the pavement designer to select 
the appropriate Mr value based on the reported regression equations as the input for the 
pavement design. This procedure sometimes causes confusion and it is also time-consuming 
for the designers due to the required justification and analysis to obtain the suitable model 
and stress level. In order to simplify this step, the current study proposes another approach 
using the average value of Mr from the simplified testing procedure discussed above (Table 
6). Therefore, in the report, the Mr will be illustrated as a single value for an experimental soil 
and can be used as a direct input for the pavement design. The resilient modulus obtained 
from this approach is defined as the Proposed Simplified Resilient Modulus (PSMr). The 
PSMr values and resilient modulus values from the standard method for the soils used in this 
study are compared in Table 7, and Figure 12, 13 and 15. 
 
Table 7. Comparison of proposed simplified resilient modulus (PSMr) and resilient modulus 
from standard method. 
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Sample 
No. 
PSMr 
(MPa) 
Mr from Equation 
7 (MPa) 
PSMr - Mr 
(7) (%) 
Mr from Equation 
8 (MPa) 
PSMr - Mr 
(8) (%) 
(1) (2) (3) (4) (5) (6) 
S1-D 89.62 93.04 4 88.41 1 
S1-O 69.73 72.41 4 69.02 1 
S1-W 41.43 40.49 2 39.76 4 
S1-S 20.16 16.69 21 18.38 10 
S2-D 73.68 76.59 4 71.85 3 
S2-O 67.11 69.62 4 64.88 3 
S2-W 12.23 13.70 11 11.19 9 
S2-S 8.32 8.46 2 7.20 16 
S3-D 146.88 156.79 6 144.49 2 
S3-O 120.12 130.94 8 119.29 1 
S3-W 117.28 116.46 1 116.41 1 
S3-S 32.36 32.16 1 29.42 10 
S4-D 133.05 143.38 7 123.84 7 
S4-O 101.58 116.12 13 101.07 1 
S4-W 110.54 115.56 4 103.72 7 
S4-S 21.08 21.21 1 19.34 9 
S5-D 116.27 130.34 11 112.36 3 
S5-O 123.21 132.69 7 117.34 5 
S5-W 53.41 58.68 9 51.62 3 
S5-S 15.44 14.94 3 14.24 8 
S6-D 77.20 84.96 9 72.94 6 
S6-O 66.76 69.17 3 64.57 3 
S6-W 14.08 14.17 1 13.46 4 
S6-S 12.49 12.38 1 11.20 12 
S7-D 74.59 84.41 12 72.09 3 
S7-O 77.37 76.81 1 76.17 2 
S7-W 16.18 14.10 15 15.56 4 
S7-S 16.19 14.87 9 15.94 2 
S8-D 83.66 85.24 2 82.78 1 
S8-O 61.87 64.45 4 60.22 3 
S8-W 21.37 20.25 6 19.46 10 
S8-S 14.46 12.70 14 13.64 6 
  
Average of 
PSMr - Mr(7) 
(%) = 
6 
Average of 
PSMr - Mr(8) 
(%) = 
5 
 
Subchapter 5.5     Development of a Simplified Testing Method for the Resilient Modulus of Fine-Grained Soils 
 
Bao Thach Nguyen – PhD thesis                                                                                                                          192 
 
The second column of the above table shows the PSMr, which is the average value of the 
Mr from 5 sequences of the simplified repeated load triaxial testing procedure. The third and 
fifth columns describe the Mr values obtained from the regression Equation 7 and Equation 8. 
The deviator stress of 37.3 kPa and the confining stress of 13.8 kPa are used as the input for 
these two models. As mentioned earlier, the main reason for this is that these stress levels are 
commonly reported from the literature as the field representative stresses on the top of the 
subgrade resulting from a standard single axle loading of 80 kN and a contact wheel pressure 
of 689 kPa. Furthermore, the fourth and sixth columns present the percentage of difference 
between the PSMr values and the Mr values obtained from Equation 7 and Equation 8, 
respectively. 
 
In addition, in order to examine the relationship between the PSMr values and the Mr 
values estimated from models 7 and 8, all the data are plotted and shown in Figure 12 and 
Figure 13. 
 
Results presented in Table 7 and Figure 12 and Figure 13 show that the PSMr values and 
the Mr values from the standard method are closely similar, for the same stress combinations, 
using Equation 7 and Equation 8 for calculations, and that they are almost the same in the 
lower ranges and very close in the upper ranges. 
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Figure 12. The proposed simplified resilient modulus vs. resilient modulus calculated from 
Equation 7 for all soil samples. 
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Figure 13. The proposed simplified resilient modulus vs. resilient modulus calculated from 
Equation 8 for all soil samples. 
 
To investigate further, the average resilient modulus values obtained from the standard 
method and Equation 7 and Equation 8 are plotted against the PSMr, as illustrated in Figure 
14. 
 
Figure 14. The proposed design resilient modulus vs. average resilient modulus calculated 
from Equation 7 and Equation 8 for all soil samples. 
 
It can be seen that the results of the proposed simplified method and standard method are 
almost identical over the whole range, for the fine-grained soils used in this study.  
 
From the above discussion, it is proposed that instead of using the standard testing method 
and Equation 7 or Equation 8, the resilient modulus for fine-grained soils be obtained from 
the proposed simplified method, and reported as a single value for the direct input for 
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pavement design. The proposed testing method and the method of calculation are simple and 
straightforward. It should be noted, however, that the proposed simplified method is only 
applicable for common pavement design cases. For projects with specific requirements of 
traffic loading, the standard method should be used. 
 
 
 
4. Conclusions 
 
In this study repeated load triaxial tests were carried out with eight different fine-grained 
soils, which were collected from various suburbs in Melbourne, Victoria. The soils were 
compacted at different moisture content levels, including optimum moisture content, dry and 
wet of optimum moisture content and soaked conditions. The standard testing method 
AASHTO T307-99 (2007) “Determining the resilient modulus of soils and aggregate 
materials” was employed to obtain the resilient modulus values.  
 
It has been observed that the deviator stress has a significant influence on the resilient 
modulus of the soils tested. When the deviator stress increases, the resilient modulus 
decreases.  On the other hand, at a same deviator stress level, the influence of the confining 
stress on the resilient modulus is not well-defined, and seems to be insignificant. Moreover, it 
has also been found that the resilient modulus values are highly dependent on the moisture 
content, and, that as the moisture content increases, the resilient modulus decreases. The 
highest resilient modulus value can be seen at the dry of the optimum moisture content. In 
contrast, the soaked conditions give the smallest resilient modulus value. These observed 
behaviours are typical for fine-grained soils. 
 
The standard repeated load triaxial method for resilient modulus contains 16 loading 
sequences with different combinations of deviator and confining stresses. After the repeated 
load triaxial test, the resilient modulus is traditionally reported in the form of a regression 
model, and as a function of the applied stresses, which, practically, can be a challenge to 
select the appropriate value as the input for a pavement design. To overcome this problem, 
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the current study has proposed a simplified testing and calculation method, which can be an 
alternative simple and straightforward method. 
  
In the proposed simplified method, the number of loading sequences is reduced from 16 to 
5. They include the confining stress of 13.8 kPa and the respective deviator stress of 12.4, 
24.8, 37.3, 49.7 and 62 kPa. The resilient modulus is reported as the average value of the 
resilient modulus from the 5 sequences. The resilient modulus obtained from this approach is 
defined as the proposed simplified resilient modulus (PSMr) 
 
It has been found that the PSMr results and the Mr results from the standard method are 
almost identical, with R2 = 0.99, for the same stress combinations, for the fine-grained soils 
used in this study. The proposed testing method and the method of calculation are simple and 
straightforward. It should be noted, however, that the proposed simplified method is only 
applicable for common pavement design cases. For projects with specific requirements of 
traffic loading, the standard method should be used. Moreover, the findings presented in this 
paper are based on the limited number of experimental fine-grained soils used in this study. 
Further investigation using different types of fine-grained soils with different physical 
properties are recommended for the verification of the proposed simplified method. 
 
Notation 
 
Mr  resilient modulus (MPa) 
PSMr  proposed simplified resilient modulus (MPa) 
MDD  maximum dry density (t/m3) 
OMC   optimum moisture content (%) 
USCS  unified soil classification system 
MC  moisture content (%) 
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5.6.1  Introduction 
 
The behaviour of flexible pavements is commonly characterised by Mr. In the laboratory, Mr  
can be determined from the repeated load triaxial test, which normally varies from one 
organisation to another, and can take up to 15 hours to complete for unbound granular 
materials. To overcome this limit of the repeated triaxial test, a simplified testing method is 
developed, which may significantly reduce the testing time to 4.5 hours. The differences 
between the Mr values from the standard testing method and those from the proposed 
simplified testing method are found to be insignificant for the 14 different experimental 
unbound granular materials. 
 
The experimental materials, testing methods and results from this development have been 
published in the Road Materials and Pavement Design Journal. A copy of the published paper 
is presented in this section.  
Subchapter 5.6    Development of a Simplified Testing Method for the Resilient Modulus of Granular Materials 
 
Bao Thach Nguyen – PhD thesis                                                                                                                          203 
 
Possible Simplified Method for the Determination of the Resilient Modulus of Unbound 
Granular Materials  
 
Abstract  
 
The behaviour of flexible pavements is commonly characterised by the resilient modulus 
which can be determined from the repeated load triaxial test in the laboratory. The repeated 
load triaxial testing standard varies from one organisation to another and can take up to 15 
hours to complete. This paper presents the results of a possible simplified testing method, 
which may significantly reduce the testing time to 4.5 hours. The differences between the 
resilient modulus values from the standard testing method and those from the proposed 
simplified testing method are found to be insignificant for the 14 different experimental 
unbound granular materials.  
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Introduction 
Flexible pavements have a complex structure comprising different layers of material the main 
purpose of which is to carry the traffic loading. As defined by the Austroads pavement design 
guide (Austroads, 2012), the pavement is the part of the road located above the subgrade soil 
to create the running surface for traffic. A typical flexible pavement structure consists of 
several layers – surface course, base course, sub-base course and subgrade soil, which have 
different physical and mechanical properties. Technically, a flexible pavement is designed in 
such a way that the loading traffic can be distributed from the top layer with the highest 
stiffness to the weakest subgrade soils without causing any damage to the structure. Located 
on top of the pavement layers, the surface course helps to provide a smooth surface for the 
traffic. Moreover, the surface layer can also help to resist abrasion and prevent the intrusion 
of water into the lower layers of the pavement. Sprayed and asphalt bituminous surfacing is 
commonly used for the surface courses of flexible pavements. Furthermore, sub-base courses 
may also be required to provide additional thickness to the pavement or to maintain the 
separation between the base course and the subgrade. In some circumstances, the sub-base 
layer may also be used to create a stable surface over a weak subgrade for the construction of 
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the pavement. In practice, the subgrade soil is generally compacted at the desired density and 
can consist of either the natural or fill soil. A typical section of the flexible pavement is 
shown in Figure 1: 
 
 
 
Figure 1. A typical section of flexible pavement (σd = deviator stress and σ3 = confining 
stress) 
 
Technically speaking, the behaviour of flexible pavements is complicated under 
dynamic traffic loading. The primary modes of failure that pavements experience are flexural 
cracking of the top layer and the excessive loss of shape, which is detrimental to ride quality. 
Pavements are designed so that the base course supports the bulk of the applied loads. 
Therefore, to prevent the failure of the top layer, the deflection of the base and sub-base 
materials in response to the anticipated design loads has to be limited. Consequently, over the 
last decade, considerable research has been conducted concerning the improvement of the 
performance of the unbound granular materials found in the base and sub-base layers. The 
performance of these granular materials and their response to dynamic loading imposed by 
vehicular traffic are mainly characterized by the resilient behaviour, which indicates their 
capacity to carry the load of the pavement (Lekarp, Isacsson, and Dawson, 2000). The 
resilient modulus (Mr) has also been recommended by the AASHTO (1993) and Austroads 
(2012) design guides and has been widely-used as the main structural model input for the 
pavement design.  Theoretically, Mr is defined as the ratio of the deviator stress to the 
consequent recoverable strain, as shown in Equation 1. 
 
M = σL
εU        (1) 
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Where: 
Mr = Resilient modulus (MPa). 
σd = σ1 – σ3 = Deviator stress (kPa). 
εr = ε2 – ε1 = Recoverable strain (µm). 
 
In the laboratory, Mr is obtained from the repeated load triaxial testing equipment. 
The image of the resilient behaviour of the granular materials from the repeated load triaxial 
test is shown in Figure 2: 
 
Figure 2.  Image of the resilient behaviour under the repeated load triaxial load. 
 
From the above figure, it can be clearly seen that Mr is stress-strain dependent and, it 
is widely-known from the literature, that Mr is stress dependent (e.g. Lekarp et al., 2000; 
Rada and Witczak, 1981; Werkmeister, 2003). Dastich and Dawson (1995) explained this 
dependence of granular materials based on Hertz’s theory. Each granular particle is 
represented by a sphere and when the stress applied on the specimen increases, obviously, the 
contact area among the spheres also increases. Therefore, the resistance against the closure of 
the centre of the sphere increases. 
 
Furthermore, it is also reported that unbound granular materials are highly dependent 
on the confining pressure, and, to a lesser extent, on the deviator stress (e.g. Amber and 
Harold, 2002; Hicks and Monismith, 1971; Lekarp et al., 2000; Papagiannakis and Masad, 
2008; Zeghal, 2004). An increase in confinement corresponds to an increase in Mr. Besides 
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the stress and strain, several other factors can affect the resilient behaviour of the granular 
materials, such as the stress history, load sequence and particle shape (LeKarp et al., 2000). 
 
Generally, after the repeated load triaxial test, the Mr is reported as a function of the 
deviator and confining stresses. The main reason behind this process is to illustrate the 
fundamentally stress-dependent property of the Mr. Over the last decade, several models have 
been proposed by many researchers for modelling Mr in terms of the applied stresses. A 
summary of some of the models reported by different researchers is presented in Table 1. 
 
Table 1. Summary of the models of resilient modulus reported from previous research works. 
Equation 
No. Equation Reference 
2 M = k Vσ*P W

 
Dunlap (1963) 
Monismith, Seed, 
Mitry, and Chan 
(1967) 
3 M =	k VσP W

 
Moossazadeh and 
Witczak (1981) 
4 M =	k VσXYP W

 
Seed, Mitry, 
Monosmith, and 
Chan (1967) 
5 M = kP VσXYP W
 VσP W

 
Uzan (1985) 
6 M = kF +	k*(k −σ)  (k ≥σ) Raad and Figueroa (1980) 
Thompson and 
Robnett (1979) 
 
7 M = kF +	k*(k −σ)  (k <σ) 
8 M =	kP VσXYP W
 (τ\]^P ) Witczak and Uzan (1988) 
9 M =	k VσσF +σFσ*+σ*σ
τ\]^ W

 
Johnson, Berg, and 
Dimillio (1986) 
10 M =	k V(σ +σF+σ*)/3
σ W

 
Tam and Brown 
(1988) 
11 M = k a` Vσ*P W
 × VσP W

 
Pezo (1993) 
Puppala et al. 
(1997) 
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12 M = k Vσ*P + 1W
 VσP + 1W

 
Hopkin, Beckham, 
Sun, and Ni (2001) 
13 M = k a` Vσ*P + 1W
 VσP + 1W

 
Ni, Hopkins, Sun, 
and Beckham 
(2002) 
14 M =	k a` VσXYP W
 (τ\]^P + 1) National Highway Cooperative Research Program 
Project 1-37A 
(2004) 15 M =	k a` cσ!" d (σe!" + 1)  (σF =σ*) 
16 M =	k a` VσXY − 3 × kEP W
 (τ\]^P + kf) 
National Highway 
Cooperative 
Research Program 
Project 1-28A 
(2004) 
17 M = k a` VσXYP + 1W
 VσP + 1W

 
Ooi, Archilla, and 
Sandefur (2004) 
18 M = k a` VσXYP + 1W
 Vτ\]^P + 1W

 
19 M = k a` gσ/×h2!" i cτ%&'!" + jfd +k(lm − ln)op  
Gupta, Ranaivoson, 
Edil, Benson, and 
Sawangsuriya 
(2007) 
 
Where  Mr = Resilient modulus (MPa) 
  k1, k2, k3, k4 and k5 = Regression coefficients  
 α1 and β1 = Regression coefficients  
  σ3 = Confining stress (kPa) 
  σd = Deviator stress (kPa) 
 σsum = Sum of principle stresses (kPa) 
 τoct = Octahedral shear stress (kPa) 
Pa = Reference stress (= 100 kPa) 
(µa - µω) = Matric suction (kPa) 
 
In practice, performing the repeated load triaxial test is time-consuming with a 
complicated procedure. In addition, the apparatus required for the testing is also considerably 
expensive. Moreover, the testing procedure is not consistent among the different researchers 
and organizations. The changes not only include the stress level for each sequence but also 
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extend to the position of the measuring device, such as load cell or displacement transducer 
(AASHTO T307-99, 1999; AG:PT/T053 2007; Protocol P46, 1996). Therefore, these issues 
motivate obtaining Mr of the road base and sub-base materials from other significantly less 
complex and expensive tests, for example, the California Bearing Ratio, dynamic cone 
penetrometer, falling weight deflectometer (Austroads, 2012; George and Uddin, 2000; 
Gudishala, 2004; Heukelom and Klomp, 1962, Powell, Potter, Mayhew, and Nunn, 1984; 
Sukumaran, Kyatham, Shah, and Sheth, 2002). In addition, the numerical method, especially 
the discrete element method is also employed to estimate Mr for unbound materials (Khogali 
and Zeghal, 2003; Kim and Siddik, 2005; Zeghal, 2005). 
 
Moreover, in order to assist the pavement designer, the ranges and typical Mr values 
are also recommended. For example, Table 5.6.2 shows the ranges and typical Mr values of 
granular materials at the optimum moisture content according to the USCS soil classification 
system (NCHRP 1-37A, 2004). 
 
Table 2. Ranges and typical Mr values of granular materials at the optimum moisture content 
(NCHRP 1-37A, 2004). 
USCS 
Symbol Descriptions 
Resilient modulus 
(MPa) Typical 
Resilient 
modulus (MPa) Low High 
GW Gravel or sandy gravel, well graded 272 290 283 
GP Gravel or sandy gravel, poorly graded 245 276 262 
GM Silty gravel or silty sandy gravel 228 290 265 
GC Clayed gravel or clayed sandy gravel 166 259 148 
SW Sand or gravelly sand, well graded 193 259 221 
Subchapter 5.6    Development of a Simplified Testing Method for the Resilient Modulus of Granular Materials 
 
Bao Thach Nguyen – PhD thesis                                                                                                                          209 
 
SP Sand or gravelly sand, poorly graded 166 228 193 
SM Silty sand or silty gravelly sand 193 259 221 
SC Clayed sand or clayed gravelly sand 148 193 166 
 
Austroads pavement design guide 2012 also provides the presumptive Mr values for 
unbound granular materials under thin bituminous surfacing, as given in Table 3. The 
Austroads design guide also suggests using the maximum Mr values when other more reliable 
information is unavailable 
 
Table 3. The presumptive Mr values for unbound granular materials under thin bituminous 
surfacing (Austroads, 2012) 
Materials 
Resilient modulus 
(MPa) Typical 
Resilient 
modulus (MPa) Low High 
High standard crushed rock base course 300 700 500 
Normal standard crushed rock for base course 200 500 350 
Base quality gravel 150 400 300 
Sub-base quality materials 150 400 250 
 
Similar to the attempt to improve the standard testing method for Mr, the current study 
aims to investigate and develop a simplified testing method for the repeated load triaxial test 
for the unbound granular materials. 
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Materials and Testing Methods 
 
Materials: 
 
In order to investigate the above research objective, several different types of unbound 
granular materials which are available in Victoria, Australia were selected and used in this 
study. The materials used in the experiment were obtained from different sources in Victoria 
including the Alex Fraser Group, Kilmore quarry, local quarries in Geelong and the 
Australian Slag Association. The experimental materials cover a wide range of granular 
materials used in base and sub-base road and pavement construction. A total of fourteen 
samples were obtained and classified into four groups including Vicroads class 1, class 2, 
class 3 and class 4 crushed rocks, reclaimed asphalt, aggregate and furnace slag, as shown in 
Table 4. The samples were prepared and compacted at the optimum moisture content (OMC) 
for UGM1, UGM2, UGM3, UGM4 and UGM5 and at the field moisture conditions for 
UGM6, UGM7, UGM8, UGM9, UGM10, UGM11, UGM12, UGM13 and UGM14. 
 
Table 4. Experimental granular materials used in this study. 
Sample Material type Source 
UGM1 20 mm class 1 crushed rock* Alex Fraser Group 
UGM2 20 mm class 2 crushed rock* Alex Fraser Group 
UGM3 10 mm class 2 crushed rock* Alex Fraser Group 
UGM4 20 mm class 3 crushed rock* Alex Fraser Group 
UGM5 20 mm class 4 crushed rock* Alex Fraser Group 
UGM6 20 mm reclaimed asphalt Alex Fraser Group 
UGM7 7 mm basalt aggregate Kilmore quarry 
UGM8 10 mm basalt aggregate Kilmore quarry 
UGM9 14 mm basalt aggregate Kilmore quarry 
UGM10 7 mm crushed river aggregate Local quarry in Geelong 
UGM11 14 mm crushed river aggregate Local quarry in Geelong 
UGM12 
20 mm air cooled blast furnace 
slag 
Australian Slag Association 
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UGM13 20 mm steel furnace slag Australian Slag Association 
UGM14 20 mm electric arc furnace slag Australian Slag Association 
*UGM1, UGM2, UGM3, UGM4 and UGM5 are classified according to Vicroads (Vicroads 
specification section 812, 2011) 
 
Testing Methods: 
 
As mentioned earlier, there are various standard testing methods for the repeated load triaxial 
test for the unbound granular materials. Practically, the testing methods change from one 
organisation to another and normally consist of the details of the repeated vertical force 
loading cycle, the loading waveform, the applied deviator stress and the confining stress. In 
the current study, the repeated load triaxial testing method proposed by Austroads 
AG:PT/T053: “Determination of permanent deformation and resilient modulus characteristic 
of unbound granular materials under drained conditions” was employed. The schematic of the 
test is described in Figure 3. 
 
 
Figure 3. The schematic of a typical repeated load triaxial test apparatus (modified from 
Austroads AG:PT/T053) 
 
The samples prepared for testing have a diameter of 100 mm and height of 200 mm. 
The diameter of the sample is required to be at least 5 times the maximum particle size of the 
tested material. All the experimental materials have a nominal particle size of 19 mm so the 
diameter selected is 100 mm. In addition, the height of the sample is twice that of the 
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diameter. The preparation and compaction of the sample followed the instruction as clearly 
described in the testing method, in which the sample is compacted inside the split mould 
directly on the bottom plate of the triaxial cell. A modified compaction hammer of 4.9 kg is 
used and the compaction is carried out with 8 layers and 25 blows per layer for each sample. 
A membrane is placed inside the mould under vacuum pressure before the compaction. 
However, due to the nature of the unbound granular materials, the membrane is often 
damaged and a second membrane is required after the compaction. 
 
After the preparation, the confining pressure is produced from a combination of air 
and water. The deviator stress is controlled by the pneumatic actuator. The loading waveform 
for the deviator stress was selected according to the Austroads testing standard, AG:PT/T053 
(2007) and is illustrated in Figure 4 below: 
 
 
Figure 4. Illustration of the loading waveform (Austroads AG:PT/T053) 
 
The loading waveform comprises two stages: loading and unloading. The loading 
stage lasts 1 second and is followed by a 2 second resting period. 
 
Furthermore, a load cell is mounted outside the cell to measure the applied load. In 
addition, there are two external linear variable differential transformers (LVDT) to capture 
the resilient deformation of the sample during the testing. The testing procedure is completely 
automated. 
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The test comprises 50 loading sequences with different combinations of the deviator 
stress and confining stress. These loading sequences are recommended by the standard 
method and the details can be seen in Table 5: 
 
Table 5. The loading sequences of the repeated load triaxial test (Austroads AG:PT/T053). 
Stress stage 
number 
Deviator 
stress 
σd (kPa) 
Confining 
stress 
σ3 (kPa) 
Stress 
stage 
number 
Deviator 
stress 
σd (kPa) 
Confining 
stress 
σ3 (kPa) 
Preconditioning 100 50 24 250 50 
0 100 50 25 375 75 
1 150 75 26 500 100 
2 200 100 27 250 50 
3 250 125 28 180 30 
4 300 150 29 300 50 
5 200 100 30 450 75 
6 150 50 31 300 50 
7 225 75 32 180 30 
8 300 100 33 250 40 
9 375 125 34 210 30 
10 450 150 35 280 40 
11 225 75 36 350 50 
12 125 40 37 525 75 
13 100 30 38 280 40 
14 150 40 39 150 20 
15 200 50 40 245 30 
16 300 75 41 325 40 
17 400 100 42 400 50 
18 500 125 43 245 30 
19 300 75 44 185 20 
20 125 30 45 275 30 
21 100 20 46 370 40 
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22 150 30 47 450 50 
23 200 40 48 275 30 
 
From Table 5, the test starts with the preconditioning stage of 1,000 cycles. The main 
purpose of the preconditioning stage is to stabilise the sample in case the permanent 
deformation is not carried out beforehand. The other stage consists of 100 cycles. In addition, 
it can be observed from Table 5 that there are some duplicate states. The duplicate loading 
sequences are 2 and 5; 16 and 19; 24 and 27; 28 and 29; 31 and 32; 35 and 38; 40 and 43; 45 
and 48. 
 
Results and Discussion 
 
Results and Discussion 
 
Before analysing the Mr results from the repeated load triaxial test, the verification process is 
carried out for quality purposes. As mentioned earlier, among the 50 loading sequences, there 
are some duplicate sequences. The duplicate loading sequences are 2 and 5; 7 and 11; 16 and 
19; 24 and 27; 28 and 32; 29 and 31; 35 and 38; 40 and 43; 45 and 48. The percentage of the 
difference between the two duplicate sequences is summarised in Table 6. 
 
Table 6. The percentage difference for the duplicate loading sequences. 
Sample 
Loading sequences 
2&5 7&11 16&19 24&27 28&32 29&31 35&38 40&43 45&48 
UGM1 2 2 3 3 0 1 2 1 2 
UGM2 0 5 2 3 2 3 8 5 1 
UGM3 2 2 2 2 1 1 2 1 2 
UGM4 1 2 1 2 1 1 2 1 2 
UGM5 1 3 2 3 1 1 2 1 2 
UGM6 0 4 3 5 1 2 6 1 4 
UGM7 2 5 4 8 4 7 5 2 7 
UGM8 3 1 3 4 0 2 5 1 6 
UGM9 2 3 3 1 4 5 5 4 5 
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UGM10 1 4 3 3 2 2 4 2 4 
UGM11 4 3 2 3 2 2 5 0 2 
UGM12 1 3 2 3 6 3 2 3 4 
UGM13 1 1 2 3 5 2 2 1 2 
UGM14 2 4 6 7 6 5 6 5 6 
 
According to the testing standard, the main purpose of these duplicate stress levels is to check 
the elastic condition of the test specimen throughout the multiple loading stress stages. 
Furthermore, as mentioned in the testing standard, during the multiple stress-stage Mr tests, 
Mr values of a repeated stress stage shall not be more than 15% lower than those determined 
at any previous Mr testing stages with the same stress conditions. It can be seen from Table 6 
that all of the duplicate loading sequences range from 0% to 8%. It means that the elastic 
condition of the test specimen during the testing are satisfied the testing requirements. 
Therefore, the Mr experimental results can be used for further data analysis. 
 
It is well-known from the literature that the Mr is stress-dependent (e.g. Lekarp et al., 
2000; Rada and Witczak, 1981; Werkmeister, 2003). Therefore, in the next step of 
verification, all the results are checked against the applied stresses including the deviator and 
confining stresses. Figure 5 describes the effect of the deviator stress at the confining stress of 
100 kPa on the Mr for all the experimental materials. 
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Figure 5. The effect of the deviator stress on the resilient modulus at the confining stress 
of 100 kPa 
 
It can be observed from Figure 5 that, generally, the effect of the deviator stress on the 
Mr is significant. For example, for the UGM1 sample, as the deviator stress increases from 
200 kPa to 500 kPa, Mr increases from 344 MPa to 371 MPa. This influence of the deviator 
stress on the Mr for unbound granular materials is supported in the literature (e.g. Hicks and 
Monismith, 1971; Papagiannakis and Masad, 2008,). 
 
In order to investigate the effect of the confining stress on the Mr, the data for all the 
experimental materials at the deviator stress of 300 kPa are plotted against the confining 
stress in Figure 6. 
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Figure 6. The effect of the confining stress on the resilient modulus at the deviator stress of 
300 kPa 
 
It can be seen from Figure 6 that the influence of the confining stress on Mr is more 
significant compared with the effect of the deviator stress on Mr (Figure 5.6.5). For example, 
with the UGM1 sample, the confining stress increases from 50 kPa to 150 kPa and the Mr 
increases from 310 MPa to 389 MPa. This observation is well documented in the previous 
reports (e.g. Amber and Harold, 2002; Hicks and Monismith, 1971; Lekarp et al., 2000; 
Papagiannakis and Masad, 2008; Zeghal, 2004). 
 
Practically, after the repeated load triaxial test, there is a single Mr value that 
corresponds to each loading sequence. Therefore, the Mr is generally reported in terms of the 
applied stresses. In the current study, the model proposed by Hopkins et al. (2001) (Equation 
14, Table 1) is selected to present the Mr results: 
 
 M = k cσ!" + 1d cσL!" + 1d    (20) 
 
Where:   k1, k2 and k3 = Regression coefficients  
100
150
200
250
300
350
400
40 60 80 100 120 140 160
R
es
ili
en
t m
o
du
lu
s 
(M
Pa
)
Confining stress (kPa)
UGM1
UGM2
UGM3
UGM4
UGM5
UGM6
UGM7
UGM8
UGM9
UGM10
UGM11
UGM12
UGM13
UGM14
Subchapter 5.6    Development of a Simplified Testing Method for the Resilient Modulus of Granular Materials 
 
Bao Thach Nguyen – PhD thesis                                                                                                                          218 
 
  
In Equation 20, the coefficient of regression k1 and k2 is always positive, indicating 
that the Mr increases when the confining stress increases and vice versa. In contrast, the 
coefficient of regression k3 can be either positive or negative depending on the effect of the 
deviator stress on the resilient modulus. This means that when the deviator stress increases, 
the resilient modulus can either increase or decrease. The testing data are fitted against 
Equation 20 and the regression coefficients for the different types of tested material are 
shown in Table 7. 
 
Table 7. The values of the regression coefficients for each experimental material, standard 
testing method (No. of cases = 50) 
Sample 
M = k cσ!" + 1d cσL!" + 1d 	(Equation 
20) 
k1 k2 k3 R2 
UGM1 203.510 0.470 0.163 0.98 
UGM2 193.412 0.493 0.064 0.94 
UGM3 172.528 0.476 0.156 0.99 
UGM4 144.008 0.469 0.161 0.99 
UGM5 137.524 0.573 0.112 0.99 
UGM6 104.610 0.684 0.177 0.96 
UGM7 72.300 0.996 0.208 0.91 
UGM8 62.718 0.918 0.381 0.96 
UGM9 77.593 0.822 0.278 0.96 
UGM10 56.477 1.080 0.195 0.96 
UGM11 62.525 0.884 0.286 0.96 
UGM12 55.864 1.203 0.209 0.97 
UGM13 72.204 1.168 0.120 0.96 
UGM14 73.536 1.187 0.056 0.97 
 
It can be seen from Table 7 that the coefficients of determination, R2, are very strong, 
ranging from 0.91 to 0.99. Furthermore, as mentioned above, there are no negative values for 
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regression coefficient k1, k2 and k3. Moreover, it should be noted that the regression 
coefficients for Equation 20 are obtained based on the standard testing method with 50 
loading sequences. In the next step, the main objective of this study, which is to simplify the 
standard testing method, is investigated. 
 
The Simplified Testing Method 
 
Development of the Simplified Method 
 
In order to simplify the testing method with fewer loading sequences, the current study uses 
the ratio of the deviator and confining stresses, which is used in the standard testing method 
(Table 3) as the main criteria. The ratio of the deviator stress and confining stress for each 
loading sequence is shown in Table 8. 
 
Table 8. Ratios of the σd and σ3 for the standard loading sequences (Table 5). 
Stress stage 
number 
σd  
(kPa) 
σd 
(kPa) 
Ratio 
σd/σ3 
Stress 
stage 
number 
σd 
(kPa) 
σ3 
(kPa) 
Ratio 
σd/σ3 
Preconditioning 100 50 2 24 250 50 5 
0 100 50 2 25 375 75 5 
1 150 75 2 26 500 100 5 
2 200 100 2 27 250 50 5 
3 250 125 2 28 180 30 6 
4 300 150 2 29 300 50 6 
5 200 100 2 30 450 75 6 
6 150 50 3 31 300 50 6 
7 225 75 3 32 180 30 6 
8 300 100 3 33 250 40 6 
9 375 125 3 34 210 30 7 
10 450 150 3 35 280 40 7 
11 225 75 3 36 350 50 7 
12 125 40 3 37 525 75 7 
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13 100 30 3 38 280 40 7 
14 150 40 4 39 150 20 8 
15 200 50 4 40 245 30 8 
16 300 75 4 41 325 40 8 
17 400 100 4 42 400 50 8 
18 500 125 4 43 245 30 8 
19 300 75 4 44 185 20 9 
20 125 30 4 45 275 30 9 
21 100 20 5 46 370 40 9 
22 150 30 5 47 450 50 9 
23 200 40 5 48 275 30 9 
 
It can be seen from Table 8 that the ratios for the deviator stress and confining stress 
are 2, 3, 4, 5, 6, 7, 8 and 9. In addition, the values for the confining stress used in the standard 
test, which are included in the above Table, are 125, 100, 75, 50, 40, 30 and 20 kPa. The 
order of the loading sequence follows the decrease in the confining stress, with the total 
number of load sequences being 50.  
 
In this study, a simplified method is proposed with only eight loading sequences, one 
from each stress ratio, as summarised in Table 5.6.9 below. The first selection criterion for 
the loading sequence for the simplified method is based on the ratio of the deviator stress and 
confining stress. Secondly, the confining stress value is filled in with the decreasing order, 
except for the preconditioning sequence, which is kept the same as the standard method, and 
the corresponding deviator stress values are selected. The order of the simplified loading 
sequence is the same as the standard testing method with a decrease in the confining stress. 
 
 
 
 
 
 
Table 5.6.9. The loading sequences for the proposed simplified method. 
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Simplified 
loading 
sequence 
σ3 
(kPa) 
σd 
(kPa) 
Number 
of cycle 
Corresponding 
standard loading 
sequence (Table 8) 
qrq* 
Preconditioning 50 100 1,000 Preconditioning 2 
0 125 375 100 9 3 
1 100 400 100 17 4 
2 75 375 100 25 5 
3 50 300 100 29 6 
4 40 280 100 35 7 
5 30 245 100 40 8 
6 20 185 100 44 9 
 
The main advantage of the proposed simplified testing method is that the required 
testing time is significantly reduced. Typically, the standard test requires the testing of three 
identical cylindrical samples for one material. This usually takes approximately 15 hours in 
total, whereas, the proposed simplified test may consume about 4.5 hours. This means that 
the testing time decreases by about 70%, and, accordingly, the cost for the test can reduce 
significantly, compared with that of the standard test. In addition, the simplified testing 
method can increase the service life of the equipment as well as reduce the cost of 
maintenance. 
 
Verification of the Proposed Simplified Method 
 
In this step, the Mr values from the simplified method are fitted against the Hopkins et al. 
(2001) model, as shown in Equation 21 and Table 9, with new regression coefficients k4, k5 
and k6. 
  
 M = kE cσ!" + 1ds cσL!" + 1dt                 (21) 
 
Where:  k4, k5 and k6 = Regression coefficients. 
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Table 10. The values of the regression coefficients for each experimental material for the 
proposed simplified method (Equation 21) (No. of cases = 8). 
 
 
In order to compare the simplified method and the standard method, the middle 
loading sequence from the simplified testing method (Table 9) with the deviator stress of 300 
kPa and confining stress of 50 kPa is selected and used to calculate the resilient modulus, Mrs, 
from the proposed simplified method (with Equation 21) and Mr values according to the 
standard method (with Equation 20). The results and the differences between the methods are 
shown in Table 11. 
 
 
 
 
 
 
Sample 
No. 
M = kE Vσ*P + 1W
s VσP + 1W
t
 
k4 k5 k6 R2 
UGM1 213.453 0.469 0.131 0.99 
UGM2 182.642 0.442 0.130 0.96 
UGM3 176.645 0.461 0.146 0.99 
UGM4 147.845 0.459 0.147 0.99 
UGM5 140.850 0.555 0.104 0.99 
UGM6 117.797 0.726 0.120 0.96 
UGM7 85.256 1.079 0.067 0.96 
UGM8 66.477 0.911 0.346 0.96 
UGM9 81.767 0.828 0.247 0.97 
UGM10 60.856 1.137 0.124 0.96 
UGM11 69.993 0.936 0.190 0.96 
UGM12 52.173 1.233 0.181 0.98 
UGM13 74.247 1.240 0.072 0.97 
UGM14 73.988 1.209 0.053 0.98 
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Table 11.  Comparison of Mrs, and Mr, for σ= 300 kPa and σ*	= 50 kPa. 
Sample 
Mr from 
Equation 
20 
(MPa) 
Mrs from 
Equation 21 
(MPa) 
Difference between Mr and Mrs 
= 
(MU)	MU)MU × 100 (%) 
UGM1 309 310 -0.29 
UGM2 258 262 -1.36 
UGM3 260 261 -0.36 
UGM4 218 218 -0.28 
UGM5 203 204 -0.55 
UGM6 176 187 -5.84 
UGM7 144 145 -0.30 
UGM8 154 155 -0.69 
UGM9 159 161 -1.19 
UGM10 115 115 0.06 
UGM11 133 133 -0.08 
UGM12 122 111 9.06 
UGM13 137 136 0.94 
UGM14 129 130 -1.09 
 
In order to further evaluate the difference between Mr and Mrs, two other stress levels 
(σ3 = 125 kPa, σd = 375 kPa and σ3 = 20 kPa, σd = 185 kPa) are also used for the examination. 
The results are presented in Table 12. 
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Table 12. Differences between Mr and Mrs for σd = 375 kPa & σ3 = 125 kPa and σd = 185 kPa 
& σ3 = 20kPa. 
Sample 
σd = 375 kPa and σ3 = 125 kPa σd = 185 kPa and σ3 = 20 kPa 
Mr 
(MPa) 
Mrs 
(MPa) 
Difference between 
Mr and Mrs= (MU)	MU)MU × 100 
(%) 
Mr 
(MPa) 
Mrs 
(MPa) 
Difference between 
Mr and Mrs= (MU)	MU)MU × 100 
(%) 
UGM1 384 383 0.30 263 267 -1.41 
UGM2 319 320 -0.42 226 227 -0.25 
UGM3 324 322 0.42 222 224 -1.04 
UGM4 271 270 0.36 186 188 -0.99 
UGM5 261 260 0.32 172 174 -1.23 
UGM6 240 256 -6.61 143 152 -6.90 
UGM7 224 227 -1.25 108 111 -3.28 
UGM8 239 239 0.20 111 113 -2.05 
UGM9 233 235 -0.90 121 123 -2.12 
UGM10 184 186 -1.03 84 85 -1.08 
UGM11 200 201 -0.54 99 101 -2.20 
UGM12 205 188 8.39 87 79 8.81 
UGM13 224 227 -1.16 101 100 0.92 
UGM14 210 214 -1.95 97 97 -0.70 
 
The positive or negative values of the differences between the Mr and Mrs in Tables 
11 and 12 indicate that the Mr value is larger or smaller than the Mrs value, respectively. 
Generally, it can be seen from Tables 11 and 12 that the differences between the Mr and Mrs 
are insignificant, with less than 2%, except for the sample UGM6 (reclaimed asphalt) and 
UGM12 (air cooled blast furnace slag). In order to further illustrate the differences, the Mr 
and Mrs values are plotted in Figure 7. 
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Figure 7. The Mrs vs. Mr for all the experimental materials. 
 
It can be observed from Figure 7 that the Mr and Mrs values are very close to the line 
of equality.  This again confirms the insignificant differences between the Mr and Mrs. This 
indicates that the 50 loading sequences as employed by the standard testing procedure may be 
reduced to only 8 loading sequences with the result of a significant reduction in testing time 
of about 70%. 
 
In addition, the minimum and maximum values for the Mr and Mrs from the test 
results for the materials used in this study at the corresponding stress levels are illustrated in 
Table 13 for further comparison of the results from the two methods. 
 
Table 13. The minimum and maximum values of the Mr and Mrs at the corresponding stress 
levels. 
Material 
Min Mrs 
(Equation 21) 
(MPa) 
Min Mr 
(Equation 20) 
(MPa) 
Max Mrs 
(Equation 21) 
(MPa) 
Max Mr 
(Equation 20) 
(MPa) 
UGM1 267 248 383 413 
UGM2 227 221 320 339 
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UGM3 224 210 322 348 
UGM4 188 175 270 291 
UGM5 174 165 260 281 
UGM6 152 134 256 265 
UGM7 111 100 227 257 
UGM8 113 97 239 279 
UGM9 123 109 235 265 
UGM10 85 79 186 212 
UGM11 101 90 201 229 
UGM12 79 80 188 240 
UGM13 100 97 227 258 
UGM14 97 95 214 240 
 
It can be seen from Table 13 (columns 2 and 3), that the minimum values for the 
resilient modulus from the simplified method, Mrs, are generally higher than the minimum 
values from the standard method, Mr, whereas, the maximum values of Mrs are generally 
lower than the maximum values of Mr (columns 4 and 5). This shows that the values obtained 
by the proposed simplified method are in the conservative range for design. The maximum 
and minimum values may be used as a guide in preliminary pavement design.  
 
The results presented in this paper are based on 14 different unbound granular 
materials used in this study. Further investigation is highly recommended with different sub-
base and base coarse materials, and carried out by different laboratories. 
 
Conclusion 
 
This study investigated the resilient modulus of 14 different unbound granular materials used 
for base and sub-base courses in pavements. These granular materials were provided by 
different pavement material suppliers in Victoria, Australia. The materials included VicRoads 
class 1, class 2, class 3 and class 4 crushed rocks, reclaimed asphalt, and other types of 
aggregate.  
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The testing method used in this study to determine the resilient modulus was 
AG:PT/T053 “Determination of permanent deformation and resilient modulus characteristic 
of unbound granular materials under drained conditions” proposed by Austroads for the 
repeated load triaxial test. The loading waveform consisted of a 1 second loading and 2 
second unloading period. There were 50 loading sequences with different combinations of 
deviator and confining stresses used for the test.  After a repeat load triaxial test, the resilient 
modulus was reported as a function of the applied stresses. In the current study, the model 
proposed by Hopkins et al. was employed for the investigation. 
 
From the testing results, it was observed that the effect of the confining stress on the 
resilient modulus was more significant than the deviator stress. As the confining stress 
increased, the resilient modulus increased. This behaviour was typical for unbound granular 
materials and in good agreement with previous research work. 
 
Based on the concept of the ratio of the deviator stress and confining stress, a 
simplified testing method was proposed in this study with only eight loading sequences, as 
compared to 50 for the standard method.  These simplified loading sequences were selected 
from the standard loading sequences (preconditioning, 9, 17, 25, 29, 35, 40 and 44).  
 
In order to verify the proposed simplified method, the combinations of deviator stress 
of 185 kPa, 300 kPa and 375 kPa and confining stress of 20 kPa, 50 kPa and 125 kPa were 
used. By comparing the resilient modulus values from the simplified method (Mrs) and 
standard method (Mr) for these stress levels, it was observed that the differences between the 
Mrs and Mr for the materials tested were insignificant. Twelve out of the 14 samples had a 
percentage difference of less than 2%.  The main advantage of the proposed simplified 
method was that the required testing time was reduced significantly. Typically, the standard 
test requires approximately 15 hours, whereas the proposed simplified test consumes 
approximately 4.5 hours. This means that the testing time decreases by about 70%, and, 
accordingly, the cost for the test is significantly reduced. In addition, the simplified testing 
method can increase the service life of the equipment as well as reduce the cost of 
maintenance. 
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Moreover, it was also observed that the resilient modulus values obtained by the 
proposed simplified method were in a conservative range for design. These maximum and 
minimum resilient modulus values may be used as a guide in preliminary pavement design. 
 
The results presented in this paper were based on the 14 different unbound granular 
materials used in this study. Further investigation is highly recommended with different 
unbound pavement materials, using simplified and standard procedures for investigation. 
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Notation 
 
The following symbols are used in this paper: 
 
σ3 = confining stress; 
σd = deviator stress; 
Pa = reference stress; 
Mr = resilient modulus; 
Mrs = resilient modulus obtained from proposed simplified testing method; 
τoct = octahedral shear stress; 
OMC = optimum moisture content; 
σsum = sum of principle stresses; and 
UGM = unbound granular material. 
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5.7.1  Introduction 
 
Mr has been recommended for pavement design and analysis. In the laboratory, Mr can be 
obtained from the repeated load triaxial test. Due to the time-consuming, complicated and 
expensive nature of the test, it is common to estimate Mr from other simpler approaches. Due 
to the discontinuous nature of the unbound granular materials, the discrete element method 
has been used recently to predict Mr for granular materials. It is clearly necessary that the 
proposed model be verified by comparing it with the experimental results. However, there 
does not appear to be a validation against the experimental Mr for these reported models. In 
this chapter, a numerical model to predict Mr for the 20 mm class 1 crushed rock was 
developed using the discrete element method. The experimental Mr results were compared 
with the results from the developed numerical model. By restricting the rotational motion to 
simulate the interlocking effect of the particles, it was observed that the resilient behaviour 
from the model and the experimental test is almost identical. 
 
The experimental materials, testing methods and results from this development have been 
submitted for possible publication in the Cogent Engineering Journal. A copy of the 
submitted paper is presented in this section. 
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A POSSIBLE 3D DEM MODEL FOR THE STUDY AND PREDICTION 
OF RESILIENT MODULUS OF UNBOUND GRANULAR MATERIALS 
 
 
Abstract 
 
The resilient modulus has been acknowledged to be an important property that governs the 
performance of subgrade and granular materials, and has been recommended for pavement 
design and analysis. Technically, resilient modulus can be obtained from the repeated load 
triaxial test. Due to the time-consuming, complicated and expensive nature of the test, it is 
commonly to estimate the resilient modulus from other simpler approaches. Due to the 
discontinuous nature of the unbound granular materials, discrete element method has been 
used recently to predict resilient modulus for granular materials. It is clearly necessary that 
the proposed model be verified by comparing with the experimental results. And there 
appears to be no validation against the experimental resilient modulus for these reported 
models. In this study, the laboratory repeated load triaxial test was carried out for one of the 
popular pavement materials used in Victoria, 20 mm class 1 crushed rock. The resilient 
modulus results were then compared with the result from the model. By restricting the 
rotational motion to simulate the interlocking effect of the particles, it was observed that the 
resilient behaviour from the model and the experimental test is almost identical. 
 
Keywords: Discrete element; resilient modulus; granular materials; pavement; numerical 
model 
 
1. Introduction 
 
Pavement is a complicated structure built with the main purpose of carrying the traffic 
loading. A typical flexible pavement structure consists of several layers, such as surface 
course, base course, sub-base course and subgrade soil (Figure 1). These materials have 
different physical and mechanical properties. 
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Figure 1. Typical pavement cross section. (σd = deviator stress and σ3 = confining stress) 
 
The primary modes of failure that pavements experience are flexural cracking of the top 
layer and the excessive loss of shape. Therefore, to prevent the failure of the top layer, the 
deflection of the base and sub-base materials in response to the anticipated design loads has 
to be limited. The performance of these granular materials and their response to dynamic 
loading imposed by vehicular traffic are mainly characterized by the resilient behavior and 
the permanent deformation (Lekarp et al., 2000a; Lekarp et al., 2000b). These responses of 
unbound granular materials subjected to repeated traffic loading are very complex and have 
been studied by many researchers (Thom and Brown, 1989; Lekarp, 1996; Werkmeister, 
2003; Arnold, 2004). In the current study, only the resilient response is discussed and 
investigated. 
 
1.1 Resilient modulus 
 
Introduced in the mid-1950s by Seed et al. resilient modulus is the latest indicator developed 
to characterize the non-linear behavior of granular materials under repeated dynamic loading. 
Resilient modulus has been recommended for flexible pavement design and analysis 
(Austroads, 2012;, AASHTO, 1993). Technically speaking, the resilient modulus of a 
material is defined as the ratio of the deviator stress induced by the application of a dynamic 
load to the consequent resilient and the recoverable strain. 
 uv = ewx       (1) 
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Where: Mr = resilient modulus (MPa) 
 σd = deviator stress (kPa) 
 εr = recoverable strain (µm) 
 
The resilient modulus can be obtained from the repeated load triaxial test. In the test, a 
repeated compressive cyclic axial stress is applied to a cylindrical test specimen. The 
maximum particle size of the granular material used for the test should be less than one-fifth 
of the specimen diameter. The schematic of a typical repeated load triaxial test apparatus can 
be seen in Figure 2. 
 
                         
Figure 2. The schematic of a typical repeated load triaxial test apparatus (modified from 
Austroads, 2012) 
From the above figure, the specimen is located inside the triaxial cell and is subjected to a 
deviator stress, which is measured by the S-shaped load cell. This deviator stress is varied in 
stages, depending on the relevant standards, along with the confining stresses, allowing the 
determination of the resilient modulus under the various anticipated loading conditions 
imposed on the pavement structure by traffic. The resilient deformation of the specimen is 
measured by using the linear variable differential transformer, which is externally mounted 
on top of the triaxial cell. The typical stress strain curve of the repeated load triaxial test in 
the laboratory is seen below:  
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Figure 3. Typical stress strain curve of the repeated load triaxial test 
 
From the above figure and the definition, it can be clearly seen that the resilient modulus is 
stress-strain dependent. In practice, performing the repeated load triaxial test is time-
consuming with a complicated procedure. In addition, the apparatus required for the testing is 
also considerably expensive. Therefore, these issues motivate obtaining the resilient modulus 
of the road base and sub-base materials from other significantly less complex and much more 
economical tests. 
Unbound granular materials, such as crushed rock or natural gravel can be found in the 
base and sub-base layers of the pavement. Basically, they can be considered as a very large 
assembly of independent particles. Due to the discontinuous and inhomogeneous nature of 
granular materials, a particle-based computational method is widely used to investigate the 
behavior of these materials (e.g. Rajamani et al., 2000; Moakher et al., 2000; Cleary and 
Sawley, 2002; Bierwisch et al., 2009). Generally, there are several particle-based methods 
available, such as smoothed particle hydrodynamics, vortex method or dissipative particle 
dynamics. These methods have a wide range of applications in a variety of industries, such as 
food technology, mineral processing, chemical engineering or power metallurgy (e.g. Amlan 
et al., 1999; Cleary and Morrison, 2009; Theuerkauf et al., 2003; Raji and Favier, 2004; 
Brenda et al., 2010). In the geotechnical field, the discrete element method (DEM) is mainly 
used. The current study employs DEM to simulate the repeated load triaxial test in order to 
predict the resilient modulus for granular materials of the flexible pavement. 
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1.2 Discrete element method 
 
Discrete element method (DEM) was originally developed by Cundall and Strack in 1979 and 
is considered a family of numerical methods. Basically, DEM is a computational tool which 
is primarily used for modeling the behavior of granular materials and other discontinuous 
phenomena such as molecules (e.g. Williams et al., 1985; Jensen et al., 2001; Yao and 
Anandarajah, 2003).  
In the DEM model, materials are represented as assemblies of spherical particles (3D) or 
circular discs (2D) linked together by different bonding models. Each of these particles may 
interact with neighboring particles or with the boundaries via Newton’s law. The 
macroscopic mechanical behavior can be characterized from the force, displacement, sliding 
or rotation at the microscopic level of these particles. Technically, the simulation involves 
two steps. First, all current contacts are identified and the forces are calculated from the 
current positions and velocities based on the force-displacement law for each contact. In the 
next step, the values of the position and velocity from the previous step become the input and 
are integrated in the equation of motion to determine the new position and velocity for the 
respective particle. The time increases one time step and the calculation is repeated. A typical 
simulation can include millions of time steps. More details about this interaction can be seen 
as follows: 
 
 
Figure 4. The simulation of the interaction of two circular particles 
 
The first DEM model developed by Cundall and Strack (1979) was based on the soft 
particle model. They used a viscoelastic normal force model. The model consisted of a linear 
spring-dashpot combination in the normal direction and a spring-dashpot slider in the shear 
direction. 
 
  
Position & velocity at time t 
  
  
Interaction force at time t 
    
Position & velocity at time t + ∆t 
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Over the past thirty years, DEM has rapidly gained popularity as a modeling tool to 
investigate the granular mechanics problems and has been used extensively in both scientific 
and industrial applications (e.g. Kwan et al., 2005; Yang et al., 2006; Zhu et al., 2006; Chung 
and Ooi, 2008; Cleary et al., 2008; Härtl and Ooi, 2008; Lu and Hsiau, 2008; Luding, 2008; 
Müller et al., 2008; Chu et al., 2009; Ketterhagen et al., 2009; Maio et al., 2009; Majid and 
Walzel, 2009; Naeini and Spelt, 2009; Tao et al., 2010). In soil mechanics and geotechnical 
engineering, DEM is also used to simulate some common tests. For instance, in 2006, Cui 
and O’Sullivan employed DEM to investigate the micromechanics of soil response in the 
direct shear tests. It was observed that there was a match between the physical and simulation 
test results. Another investigation performed by Cui et al. (2007) involved the DEM 
simulations in the triaxial apparatus. And the data from the simulation demonstrated a good 
agreement with the experimental results. In addition, Zeghal (2004) developed a 2D DEM 
model for the resilient modulus test. From the results, it was demonstrated that proposed 
model was capable of predicting the resilient modulus of granular materials. 
 
The main advantage of DEM is that it allows a detailed investigation at the grain scale 
where all the action for soil deformation occurs, and, based on these particle scale 
interactions, the soil response at the macro scale can be understood. Moreover, by using 
DEM, the evolution of the inter-particle forces, displacement of individual particles and 
particle rotations can be easily monitored. This kind of investigation is currently impossible 
to perform in physical experiments. In addition, DEM allows simulating problems involving 
large, localized deformations in geomechanics. On contrast, it should be noted that being a 
numerical model, DEM is not exact science. Rather, it is an approximated simulation of the 
physical reality. Therefore, results produced from DEM can be arbitrarily accurate, but time 
constraints and the computing power required to carry out the simulation should be taken into 
consideration, especially in the commercial or consulting area. 
 
It is clearly necessary that the proposed model be verified by comparing with the 
experimental results. And there appears to be no validation against the experimental resilient 
modulus for these reported models. In this study, the laboratory repeated load triaxial test was 
carried out for one of the popular pavement materials used in Victoria, 20 mm class 1 crushed 
rock. The resilient modulus results were then compared with the result from the model. 
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2. Materials and methods 
 
2.1 Materials: 
 
2.1.1 Materials for laboratory repeated load triaxial test:  
 
Technically speaking, the granular materials used in Victoria for the pavement applications 
are covered in the VicRoads specification section 812 – “Crushed rock for pavement base and 
sub-base”. In this study, class 1 crushed rock (C1) with nominal particle size of 20 mm, 
supplied by the Alex Fraser Group Pty Ltd in Melbourne, was used for the investigation. 
 
2.1.2 Materials for simulated repeated load triaxial test: 
 
In order to make the testing data comparable, the material used for the simulation has the 
same particle size distribution of 20 mm class 1 crushed rock is used. However, it is noticed 
that the percentage by mass passing the sieve 2.36 is only 20 %. Therefore, by taking in to 
account the current capacity of the computing machine, this investigation will limit the 
simulation to the minimum particle size is 2.36 mm. The physical properties are given in the 
Table 5.6.1. The values of these physical properties are reported by previous research works. 
Sebastian (2006) used the normal and shear stiffness of the particle of 10x107 N/m in the 
investigation of the crushing in granular materials. Furthermore, the normal and shear 
stiffness values of 1.75x107 N/m was used by Coetzee et al. when modeling the dragline 
bucket filling for the crushed rock materials. In this study, the normal and shear stiffness 
values are arbitrarily taken as the average of these values, which is 5x107 N/m. The 
maximum dry density is selected from Materials Safety Data Sheets for crushed rock of Alex 
Fraser (2007). The other physical properties including the coefficient of friction and particle 
density are selected as the values which are used by Zeghal (2004). 
 
Table 1. Physical properties of the spherical particle. 
Properties Value 
Normal stiffness (N/m) 5x107 
Shear stiffness (N/m) 5x107 
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Coefficient of friction (rad) 0.5 
Maximum dry density (kg/m3) 2,240 
Particle density (kg/m3) 2,700 
 
2.2 The testing method 
 
2.2.1 The repeated load triaxial testing procedure in laboratory: 
 
The Austroads testing procedure AG:PT/T053: “Determination of permanent deformation 
and resilient modulus characteristic of unbound granular materials under drained conditions” 
was employed for the repeated load triaxial test in the laboratory as well as for the simulation. 
Generally speaking, sample prepared for the test has diameter of 100 mm and the height of 
200 mm. The diameter of the sample is required to be at least 5 times of the maximum 
particle size of the tested material. The experimental material has the nominal particle size of 
20 mm so the diameter is selected as 100 mm. In addition, the height of the sample is twice of 
the diameter. The preparation and compaction of the sample is followed the instruction as 
clearly described in the testing method. Basically, the sample is compacted inside the split 
mould and placed directly on the bottom plate of the triaxial cell. The modified compaction 
hammer of 4.9 kg is used and the compaction is carried out with 8 layers and 25 blows per 
layer for each sample. A membrane is placed inside the mould under the vacuum pressure 
before the compaction. However, due to the nature of the unbound granular materials, the 
membrane is often damaged and a second membrane is required after the compaction. 
 
After the preparation, the confining pressure is produced from a combination of air and 
water. The deviator stress is controlled by the pneumatic actuator. The details regarding the 
deviator stress and confining stress can be seen in Table 2: 
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Table 2. Resilient modulus stress levels. 
Stress stage 
number 
Deviator 
stress 
σd (kPa) 
Confining 
stress 
σ3 (kPa) 
Stress 
stage 
number 
Deviator 
stress 
σd (kPa) 
Confining 
stress 
σ3 (kPa) 
0 100 50 21 100 20 
1 150 75 22 150 30 
2 200 100 23 200 40 
3 250 125 24 250 50 
4 300 150 25 375 75 
5 200 100 26 500 100 
6 150 50 27 250 50 
7 225 75 28 180 30 
8 300 100 29 300 50 
9 375 125 30 450 75 
10 450 150 31 300 50 
11 225 75 32 180 30 
12 125 40 33 250 40 
13 100 30 34 210 30 
14 150 40 35 280 40 
15 200 50 36 350 50 
16 300 75 37 525 75 
17 400 100 38 280 40 
18 500 125 39 150 20 
19 300 75 40 245 30 
20 125 30    
 
There are a total of 41 stress states for the repeated load triaxial test, which include the 
preconditioning stage of 1,000 loading cycles and 40 other stages of 100 cycles. Included 
within these stress stages are some duplicate states for the quality control purpose during the 
test. The groups of these states are (2, 5); (7, 11); (16, 19); (24, 27); (28, 32); (29, 31) and (35, 
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38). Each loading cycle comprises 1 second of loading and is followed with unloading period 
of 2 seconds.  
2.2.2 The simulated repeated load triaxial testing procedure: 
 
As mentioned earlier, the discrete element method is very widely used in scientific research 
to run a high precision simulation of the physical phenomena. There are many well developed 
discrete element modelling software available, which, basically, can be classified as either 
open source or commercial. The current study employs the open source ESyS-Particle 
developed by Stefen et al. as the main tool to simulate the resilient modulus test for granular 
materials. The main advantage of ESyS is that it is classified as high performance computing 
software. Typically, it can run the simulation routinely containing up to 1e7 particles. 
Furthermore, ESyS has a good documentation system and support from the developer as well 
as from the community. The limitation of ESyS is that it does not have a graphic user 
interface. The user is required to have a certain level of knowledge and experience in the 
python programming language. 
 
In the current simulation, the DEM model was implemented in three-dimension with 
spherical particles. Because the particle is assumed to be rigid, only the translation and 
rotation of the particle centroids are considered in the equilibrium equations, which means 
that each spherical particle has six degrees of freedom. In addition, in order to reduce the 
computing cost of the simulation, the resilient behavior of the sample is assumed to be mainly 
affected by the movement of the particles relative to each other rather than the deformation of 
the individual particles. Therefore, the deformation of the particle during the simulation is 
excluded from the governing differential equations. 
 
The first step of the DEM simulation is the sample fabrication and the initial state 
construction of the model, such as the sample density and the stress level. The response of the 
DEM model at a certain discrete point in time is technically determined from the system state 
at the earlier time. Therefore, the initial state of the model is very important to the subsequent 
response of the model at the macroscopic level. Among the input parameters, particle size 
distribution is considered as the most important parameter for setting the initial state of the 
DEM simulation.  
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In the current study, the range of the input particle size distribution is selected based on 
VicRoads specification section 812 - Crushed rock for pavement base and sub-base 
(Vicroads, 2011).  According to the specification, the nominal size of the crushed rock can be 
either 20 or 40 mm, depending on the material class and the pavement course. In the case of 
this investigation, the particle size distribution for 20 mm class 1 crushed rock for all crushed 
rock from the VicRoads specification section 812 is used and can be seen as follows: 
 
Table 3. The standard particle size distributions for 20 mm class 1 crushed rock (Vicroads, 
2011). 
Sieve size AS 
(mm) 
Percentage 
passing by mass 
Retained between sieves 
(Percentage by mass) 
26.5 100  
19.0 95 - 100 0 - 5 
13.2 78 - 92 7 - 18 
9.5 63 - 83 10 - 16 
4.75 44 - 64 14 - 24 
2.36 30 - 48 10 - 20 
0.425 14 - 22 14 – 28 
0.075 7 - 11 6 - 13 
 
It can be observed from the above table that the number of particles with sizes larger than 
2.36 mm comprises 80% of the sample by mass. Furthermore, it is well-known that coarse 
sand is classified as particles ranging in size from 0.06 mm to 2.36 mm in diameter (AS 1726, 
1993, and gravel ranges from 2.36 mm to about 40.0 mm in diameter (Lambe and Whitman, 
1969). Moreover, by considering the computing power, the current work will limit the 
investigation to the application of gravel particle size, which means that the minimum particle 
size is 2.36 mm and the maximum particle size is 19 mm. Several simulations were carried 
out with the referenced percentage between sieves by mass from Table 2 for the range from 
2.36 mm to 19.0 mm. After the trial and error process, a total of 24,317 particles were found 
to be required to construct the sample. The highest density achieved for the sample after the 
fabrication process is 1,925 kg/m3, which is about 86% of the input value of maximum dry 
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density of 2,240 kg/m3 from Table 1. Due to the removal of the particle size less than 2.36 
mm before the fabrication, it is impossible to achieve 100% of the maximum dry density 
input value. 
 
Table 4. Particle size distribution of the sample. 
Sieve size AS 
(mm) 
Retained between sieves 
(Percentage  by mass) 
Particle number 
retained on sieves 
19.0   
13.2 14 191 
9.5 10 387 
4.75 16 3,093 
2.36 13 20,646 
  Total = 24,317 
 
In order to examine the sample fabrication in detail, the data after the sample fabrication 
process were sent to the ParaView software for a three dimensional visualization (ParaView). 
The particle size distribution is presented by the size as well as by the color chart. Basically, 
the dark red color shows the largest particle size, whereas the dark blue color shows the 
smallest particle size. The detailed visualization of the sample after the fabrication is 
illustrated in Figure 5. 
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Figure 5. The visualization of the sample after the fabrication. 
 
In the next stage, when the sample fabrication is completed, the contact list for all the 
particles is created by taking a single sphere and searching in the surrounding neighborhood 
for other objects with which it is overlapping. In practice, the searching procedure starts from 
the 1st sphere to the last sphere. 
 
The next step is the force calculation. A sphere may have four or more contacts depending 
on the position. At each contact, a collision model is used to calculate the net force between 
the pair of objects, and, finally, the resultant force on the sphere is resolved in the three 
coordinate directions. Every single particle is tracked in the Lagrangian Frame and the 
explicit first order finite difference time integration scheme is used. The interaction between 
the particles is modelled by a linear spring-dashpot contact. 
 
The integration of the force yields the velocities and position of the sphere. The model 
uses the soft sphere approach to update the position and the velocity of the particle. Only the 
compressive state of contact is considered in the current study. The neighboring particle 
search algorithm implemented in the model is the Verlet neighbor list. The algorithm uses the 
Verlet distance defined by Pöschel and Schwager. If the distance between two particles is less 
than the Verlet distance, the particles are added to a Verlet list, which keeps a record of the 
contacting or potential contacting particles of the system. 
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As mentioned earlier, the resilient modulus test involves applying a different deviator and 
confining stress stage to the sample.  The stress level during the current simulation is 
controlled by the boundary. Technically speaking, there are four types of boundary. In order 
of the popularity of use, they are: rigid, period, membrane and asymmetrical boundary. The 
current simulation employed the most widely used boundary: the rigid wall. This type of 
boundary is an analytical described surface and can be planar or curved. In addition, the rigid 
boundary is well suited to simulate the triaxial or direct shear test (Cheng et al., 2003). 
Basically, in the simulation, a total of six servo-controlled rigid walls are used. Two walls are 
located at the top and bottom of the sample to generate the deviator stress. However, only the 
top wall is stress-controlled. The bottom wall is fixed. The other four planar walls are located 
around the sample to control the confining stress. The setup of these rigid walls can be seen 
in Figure 6: 
 
      
Figure 6. The setup of the rigid boundary. 
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3. Results and discussion 
  
3.1 Experimental and simulated results 
 
Each loading sequence, except the pre-conditioning loading sequence, consists of 100 loading 
cycles. However, only the last five loading cycles were taken for the calculation of the 
resilient modulus. Overall, there are 41 resilient modulus values for DEM model (M1) and 
the experimental repeated load triaxial test. The resilient modulus results from the laboratory 
and simulated test are given in the Table 5: 
 
Table 5. Resilient modulus results from laboratory and simulated repeated load triaxial test. 
Stress 
state 
number 
Resilient modulus 
(MPa) 
Stress 
state 
number 
Resilient modulus 
(MPa) 
M1 C1 M1 C1 
0 500 285 21 141 240 
1 426 319 22 148 263 
2 384 345 23 165 284 
3 364 368 24 185 304 
4 354 389 25 221 342 
5 323 339 26 247 372 
6 272 290 27 195 296 
7 290 326 28 144 268 
8 355 354 29 161 310 
9 363 380 30 179 350 
10 350 403 31 158 308 
11 320 319 32 141 269 
12 252 270 33 155 292 
13 218 254 34 133 277 
14 229 276 35 152 301 
15 268 296 36 159 321 
16 311 334 37 187 357 
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17 316 364 38 136 295 
18 290 389 39 105 251 
19 245 325 40 134 283 
20 165 253    
 
From Table 5, it is interesting to observe that the first two loading sequences have 
abnormally high values of resilient modulus compared to the other sequences. The main 
purpose of the pre-conditioning sequence is to eliminate the effects of the interval between 
compaction and loading as well as to minimize the initial loading versus reloading. In 
addition, the pre-conditioning sequence also helps to decrease the effect of the initially 
imperfect contact between the sample cap and the test specimen. 
 
It is widely-known from the literature that Mr is a stress dependent (e.g. Rada and 
Witczak, 1981; Lekarp et al., 2000a; Werkmeister, 2003). In addition, it is well-reported that 
Mr is highly influenced by the confining pressure, but to a lesser extent by the deviator stress 
(e.g. Hicks and Monismith, 1971; Lekarp et al., 2000a; Amber and Harold, 2002; Zeghal, 
2004; Papagiannakis and Masad, 2008). From the Table 5.6.5, it can be seen that the range of 
deviator stress used in the experiment is from 100 kPa to 525 kPa. In order to investigate this 
effect on Mr, the Mr results for the same deviator stresses of 200 kPa and 300 kPa which are 
the medium range of the stress level are plotted at different confining stresses, as illustrated in 
Figure 7.  
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Figure 7. Resilient modulus versus confining stress at the same deviator stresses of 200 kPa 
and 300 kPa 
 
From Figure 7, it is obviously observed that at the same deviator stresses of 200 kPa and 
300 kPa, the resilient modulus increases with the increase of the confining stress, for the 
granular soil used in this study. A similar trend was also reported by Zeghal (2004). By 
conducting the DEM simulation in two dimensions for unbound granular materials with 
particle sizes of 5, 10, 15 and 20 mm diameter, Zeghal also observed that the resilient 
modulus at the same deviator stress level is significantly dependent on the confining stress. 
 
3.2 Validation 
 
In order to compare the simulated Mr and the measured values, for material C1, all the data 
are plotted and illustrated in Figure 8. 
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Figure 8. Resilient modulus vs. loading sequence (number) for all samples. 
 
It can be observed that from the loading sequence number 3 to 18, the value of Mr between 
C1 and M1 is closed. However, from loading sequence number 19 onward, the difference 
between these two values is significant. It may be due to the removal of the particles less than 
2.36 mm. As mentioned earlier, by removal the particles less than 2.36 mm, the dry density 
can be only achieved at 85% of the maximum dry density. And it is well-known from 
literature that the dry density can affect the resilient modulus significantly. 
 
In addition, the geometry of the particles is also contributed to the difference. It was 
reported from many researchers that crushed rocks which contain particles in angular shape 
can distribute the loading better, thus having higher Mr values than particles in round shapes 
(Hicks, 1970; Hicks and Monismith, 1971; Barksdale and Itani, 1989; Thom and Brown, 
1989). Moreover, Barksdale and Itani (1989) also found that the angular crushed materials 
have about 50% more Mr than the rounded particles. Furthermore, strain hardening and strain 
softening, may also has caused the decrease of the Mr in the model after the loading sequence 
number 18. These two major behaviours of unbound granular materials under loading are 
illustrated in Figure 9 (Werkmeister, 2003).  
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Figure 9. Stress-strain behaviour of unbound granular materials (Werkmeister, 2003) 
 
Strain hardening occurs at low stress levels where the stiffness of unbound granular 
materials increases with increasing applied stress. This happens because granular particles are 
compacted into new interlocked positions such that particles are packed into a dense state. 
Some strain softening occurs at high stress levels as the volumetric strains continue to 
increase. 
 
Mathematically speaking, when the particles are in the interlocked mode, the rotational 
motion of the particles is limited, whereas the translational motion is more significant. In 
order to take in account the effect of interlocking among particles, the rotational motion of 
the particles in the numerical model was restricted. The resilient modulus results from the 
improved model (M2), C1 and M1 are plotted along with the number of loading sequence in 
Figure 10. 
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Figure 10. Resilient modulus vs. loading sequence (number) for all samples. 
 
Obviously, it can be seen that there is a significant improvement with the numerical model 
M2, compared with M1. The trends of C1 and M2 are almost identical. In addition, the 
resilient modulus values of the pre-conditioning sequence from M2 have also improved. The 
trend of the results from M1 is more realistic and closer to the experimental data. This 
outcome indicates a potential approach to estimate the resilient modulus and to study the 
variation of this parameter under different strength combinations and material properties, 
from the discrete element method model. 
 
4. Conclusions 
 
In this study, the laboratory repeated load triaxial test was carried out for one of the popular 
pavement materials used in Victoria, 20 mm class 1 crushed rock. The Austroads testing 
procedure was used to determine the resilient modulus of the material. In addition, a DEM 
simulation was carried out with the similar properties of the experimental materials such as 
particle size distribution, maximum dry density and particle size density. The normal 
stiffness, shear stiffness and coefficient of friction used in the DEM model were selected 
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from the previous research works, for similar materials. Based on the testing results, the 
following conclusions are drawn: 
 
 By plotting the resilient modulus from DEM model (M1) and experiments along with 
the number of loading sequence, it was observed that the trends are almost identical. 
However, after the loading sequence number 18, the difference between the resilient 
modulus from the M1model and experiments increases as the loading sequence 
number increases. This may be due to the removal of the particles less than 2.36 mm 
as well as the lower interlocking effect among particles in M1 simulation. 
 
 It was found that by restricting the rotational motion and only allowing the 
translational motion to simulate the interlocking effect of particles, the difference 
between the improved values from the DEM model and the experimental resilient 
modulus values reduces significantly. 
 
 The effect of the confining stress on the resilient modulus obtained from the DEM 
simulation and experiments is similar. At the same deviator stress, as the confining 
stress increases, the resilient modulus increases, for the course-grained material use in 
the study. This behavior is well-agreed with the observations from previous studies. 
 
 In order to expand the findings, further study with different types of granular materials, 
the effect of particles less than 2.36 mm and the geometry of the particles are 
recommended. 
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5.8.1 Introduction 
 
A typical flexible pavement structure consists of several layers of different materials. The 
traffic load is transferred from the top layer with higher stiffness to the layer below with less 
stiffness. Under normal traffic loading, the behaviour of flexible pavement is very complex 
and can be predicted using the repeated load triaxial test equipment in the laboratory. 
However, the nature of the repeated load triaxial testing procedure is considered time-
consuming, complicated and expensive, and it is a challenge to carry out as a routine test in 
the laboratory. Therefore, in this study, a numerical approach was proposed to simulate the 
repeated load triaxial test by employing DEM. A sample with particle size ranging from 
2.36mm to 19.0mm was constructed. Material properties, which included normal stiffness, 
shear stiffness, coefficient of friction, maximum dry density and particle density, were used 
as the input for the simulation. The sample was then subjected to a combination of σd and σ3, 
and it was found that DEM is able to simulate the repeated load triaxial test in the laboratory. 
 
The experimental materials, testing methods and results from this development have been 
published in the International Journal of Civil, Architectural, Structural and Construction 
Engineering. A copy of the final version, which was submitted for publication, is included 
below. The original published paper is available from the following address: 
 
http://waset.org/publications/16924/a-3-dimensional-simulation-of-the-repeated-load-triaxial-
test 
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A 3 Dimensional Simulation of the Repeated Load Triaxial Test 
 
Abstract - A typical flexible pavement structure consists of the surface, base, sub-base and 
subgrade soil. The loading traffic is transferred from the top layer with higher stiffness to 
below layer with smaller stiffness. Under the normal traffic loading, the behaviour of the 
flexible pavement is very complex and can be predicted by using the repeated load triaxial 
test equipment in the laboratory. However, the nature of the repeated load triaxial testing 
procedure is considered time-consuming, complicated and expensive and it is a challenge to 
carry out as a routine test in the laboratory. Therefore, the current paper proposed a numerical 
approach to simulate the repeated load triaxial test by employing the discrete element method. 
A sample with the particle size ranging from 2.36 mm to 19.0 mm was constructed. Material 
properties included normal stiffness, shear stiffness, coefficient of friction, maximum dry 
density and particle density were used as the input for the simulation. The sample was then 
subjected to a combination of deviator and confining stress and it was found that the discrete 
element method is capable to simulate the repeated load triaxial test in the laboratory. 
Keywords - discrete element method, repeated load triaxial, numerical and flexible pavement. 
1. INTRODUCTION 
 
1.1 Repeated load triaxial testing equipment: 
 
The behaviour of the flexible pavement under the traffic loading conditions is very 
complex and can be studied from the repeated load triaxial test in the laboratory. Basically, 
the repeated load triaxial equipment consists of a loading frame that is powered by either 
pneumatic or electro-hydraulic loading system. The apparatus can create loading waveform in 
different shapes such as haversine or rectangular. The schematic of typical repeated load 
triaxial test apparatus can be seen in Figure 1.  
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Fig. 1. The schematic of typical repeated load triaxial test apparatus (modified from 
AG:PT/053) 
In the test, a repeated cyclic axial stress is applied to a cylindrical test specimen. The 
diameter of the sample is five times larger than the maximum particle size of the tested 
sample. In addition, the height of the sample is twice as the diameter in order to avoid the 
lateral effect during the testing. And the soil specimen can be either undisturbed or 
compacted fine-grained soil or compacted coarse-grained materials. It can be seen from the 
Fig. 1, the specimen is located inside the triaxial cell and is subjected to a deviator load which 
is measured by the S-shaped load cell. The triaxial cell has the maximum pressure capacity of 
1000 kPa. The S-shaped load cell is 5 kN. The loading deviator stresses and confining 
stresses values are depending on the relevant testing standards. The main objective of the 
combination of deviator stress and confining stress is to simulate loading traffic conditions. 
Moreover, the loading cycle which consists of the loading and unloading stage is also pre-
determined. For example, in the AASHTO T309 testing standard [1], the loading cycle 
including 0.1 second of loading and 0.9 second of unloading in order to simulate the standard 
vehicle travelling at 60 mph is suggested. During the test, the deformation of the sample is 
also measured by two linear variable differential transformer transducers which are 
externally mounted on top of the triaxial cell. Practically speaking, it is a challenge to carry 
out the repeated load triaxial test as a daily routine test in the laboratory because performing 
the repeated load triaxial test is a time-consuming with a complicated procedure. Furthermore, 
skilful operator is also required to run the test with the high quality control procedure in 
placed. Moreover, repeated load triaxial test is not a common testing apparatus in the 
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laboratory because the testing equipment is considerably expensive to make it become less 
affordable. 
1.2 Discrete element method: 
 
Pioneered by Cundall and Strack in 1979 [2], DEM was originally developed to 
investigate the problems in rock mechanics. Since then it was gaining popularity for 
simulating the dynamics of granular materials. In this method, materials are represented as 
assemblies of spherical particles (3D) or circular discs (2D). Each of these particles may 
interact with neighbouring particles or with the boundaries. The Newton’s equation of motion 
is employed to characterise these interactions in the translational and rotational directions: 
 yz{z =	|z +yz}    (Translational degree of freedom)        (1) ~zz =	uz             (Rotational degree of freedom)      (2) 
 
Where: mi = mass of the ith particle. 
 xi = translational acceleration of the ith particle. 
 |z = ∑ z =  the total force applied on the ith particle due to the k interactions 
 g = the acceleration of gravity 
 Ii = the moment of inertia of the ith particle 
 wi = the angular of the ith particle uz = ∑ z{|z + z = 	total moment of the ith particle due to the k interactions z = the moment of ith particle at the k interaction 
 
Technically speaking, there are two mathematical techniques used to characterise the 
interactions between the particles as categorised by Walton [3]. They are hard sphere and soft 
sphere approaches. In the former technique, the particles are considered as rigid element. 
Therefore, no deformation is happened during the collision of the particles. The interaction is 
mainly controlled by the momentum exchange and is the function of the change in 
momentum, coefficient of friction, coefficient of normal and tangential restitution. In 
simulation, this technique is particularly well conducted for the application in granular 
material flow [4].On the contrary, the particles are treated as soft during the collision in the 
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soft sphere approach. When two particles collide, the deformation of the contact is 
represented as the small overlap which is a function of the particle velocity, normal stiffness 
and shear stiffness. 
 
Granular materials such as crushed rock or recycled concrete are the main materials used in 
the base and sub-base layers of the flexible pavement. Generally discussing, the granular 
materials can be viewed as a very large assembles of independent particles. Due to the 
discontinuous and inhomogeneous nature of these materials, Discrete Element Method 
(DEM) is commonly employed to examine the behaviour of the granular materials ([5], [6], 
[7] and [8]). The current paper uses DEM to simulate the repeated load triaxial test in the 
laboratory. 
 
2. REPEATED LOAD TRIAXIAL TEST SIMULATION 
 
Over the recent years, with the rapid development in the computing area, there is a 
significant number of discrete element method software available on the internet. In general, 
they can be classified as either commercial or open source software. In the current 
investigation, the open source ESyS-Particle which was developed by Stefen Abe et al. [9] is 
used as the main platform to simulate the repeated load triaxial test. In compared with other 
available software on the internet, the main advantage of ESyS-Particle is that it is 
categorised as high performance computing software. It means that ESyS-Particle is 
comparable with the other commercial grade software. However, ESyS-Particle has one 
drawback and it is lack of the graphic user interface. In order to utilise the ESyS-Particle for 
their application, a certain level of knowledge and experience in Python programming 
language is compulsory required. The open source ESyS-Particle can be downloaded from 
the website https://launchpad.net/esys-particle [10]. 
 
In the current simulation, DEM model was developed in 3 dimensions with spherical particles. 
The sample has the diameter of 100 mm and the height of 200 mm. Practically speaking, the 
granular particle is quite rigid during the repeated load triaxial test. Therefore, in the 
simulation, the particle is assumed to be rigid. It means that each spherical particle has six 
degrees of freedom. Moreover, only the translation and the rotation of the particle centroids 
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are considered in the equilibrium equations. And the input of the DEM model includes the 
normal stiffness, shear stiffness, coefficient of friction, maximum dry density, particle density 
and particle size. By taking into consideration of the current power of the computer as well as 
the nature of the granular particle size, the current investigation is limited to the application 
of gravel material only. And according the soil classification guide, gravel has the minimum 
particle size of 2.36 mm and the maximum particle size of 19.0 mm. The values of these 
input parameters which are used in the simulation are illustrated as follows: 
 
Input parameter Value 
Normal stiffness (kN/m) 1000 
Shear stiffness (kN/m2) 1000 
Coefficient of friction 
(rad) 
0.5 
Maximum dry density 
(kg/m3) 
2,200 
Particle density (kg/m3) 1,600 
Minimum particle size 
(mm) 
2.36 
Maximum particle size 
(mm) 
19.0 
Table 1: The values of the input parameters for the model 
 
After the trial and error process, 25,873 particles are required to construct the sample which 
makes the density of the sample closed to the input value of maximum dry density of 2,200 
kg/m3. And the 3 dimensional visualisation of the sample after the fabrication which is 
produced by the ParaView open source software [11] is illustrated as follows: 
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Fig. 2. The 3 dimensional visualisation of the sample after the fabrication 
 
In the next stage, when the sample fabrication is completed, the contact list for all the 
particles is created by taking a single sphere and searching in the near neighbourhood for 
other objects that are overlapping with it. Practically, the searching procedure starts from the 
1st sphere to the last sphere. 
 
The next step is force calculation. The contact between particles in granular materials consists 
of normal and tangential components of forces. Figure 3 illustrates the schematic diagram of 
the contact model used in the current investigation. One spring with normal stiffness kn 
models the normal component of the contact and other with the shear stiffness ks models the 
tangential component. The friction between two contact components has an inter-particle 
coefficient of friction µ. 
 
 
Fig. 3. The schematic diagram of the contact model (modified from Rege 1996 [12]) 
 
And then, the explicit first order finite difference time integration scheme is used to yield the 
velocities and position of the sphere at the next time step. In the current simulation, only the 
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compressive state of contact is considered. The neighbouring particle search algorithm 
implemented in the model is the Verlet list neighbour [13]. 
 
As mentioned earlier, the repeated load triaxial test involves in applying of different deviator 
and confining stress stage to the sample.  These stress level during the current simulation are 
controlled by the boundary loading conditions. Technically speaking, there are four types of 
boundary: rigid, period, membrane and asymmetrical boundary. The current simulation 
employed the rigid boundary which is the most widely used. This type of boundary is 
described as a planner surface and is well suited to simulate the triaxial or direct shear test 
[14]. Generally, there are totally six servo-controlled rigid wall used. One wall is located at 
the top of the sample and work as an actuator to provide the cyclic axial load on the sample. 
One fixed wall is located at the bottom of the sample and works as pedestal. The other four 
planar walls are around the sample to provide the confining pressure. 
 
The testing standard which is used to determine the resilient modulus for the current 
investigation is the Protocol P46: “Resilient modulus of unbound granular, base/sub-base 
materials and subgrade soils” [15]. Generally speaking, the Protocol P46 was developed by 
the U.S. Department of Transportation in 1996 and is partially based on the AASHTO T292-
91 test standard: “Resilient modulus of subgrade soils and untreated base/sub-base materials” 
(1991). In compared with other testing standard such as Australian testing procedure 
AG:PT/T053 [16], a new loading parameter contact stress is introduced. The main purpose of 
the contact stress is to keep the sample in position during the unloading cycle. And the value 
of the contact stress is normally selected as 10 percentage of the maximum axial stress which 
is the sum of cyclic stress and the contact stress. In the protocol P46, the loading cycle 
comprises of 0.1 second of loading and 0.9 second of resting in order to simulate the loading 
conditions of a vehicle travelling at 60 mph, for the road base and sub-base granular layers. 
More details about the loading waveform can be seen as follows: 
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Fig. 4. The loading cycle waveform ([15]) 
Obviously, from the above figure, the loading waveform as recommended by the standard is 
in haversine shape. The individual loading cycle increases from zero percentage to hundred 
percentage of the maximum applied. The loading value at any time of the loading cycle can 
be determined from the following equation: 
 + = )]\X	()F  {a     (3) 
 
Where: Spulse = Loading value at any time of the loading cycle (kPa) 
 θ = loading degree (rad) 
 Smax = Maximum axial stress (kPa) 
 
In the current study, for the stress level, the deviator is 90 kPa, confining stress is 50 kPa and 
the contact stress is 10 kPa. In order to examine the performance of the repeated load triaxial 
test simulation, the stress-strain curve is firstly investigated. The recoverable and permanent 
strain of the sample reposed to the cyclic loading of the first sequence is illustrated as 
follows: 
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Fig. 5. The illustration of stress-strain curve in the first sequence of cyclic loading 
 
It can be seen from the above figure, the strain increases when the deviator stress is applied 
on the top of the sample. In addition, when the deviator stress released, the sample was 
almost returned back to previous state. This behaviour is literally defined as the resilient 
behaviour of the pavement materials under the repeated load triaxial test. In addition, the 
increase in the strain reading between two loading cycles is presented the permanent 
deformation of the sample. The typical stress-strain curve for the repeated load triaxial test in 
the laboratory is illustrated as follows: 
 
Fig. 6. The typical laboratory stress-strain curve [17] 
 
Obviously, the stress-strain response from the discrete element method simulation is 
conformed to the data of a typical experiment in the laboratory. It means that numerical 
method is capable of replicating the resilient behaviour of unbound granular materials under 
cyclic loading.  
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3. CONCLUSIONS 
 
In the current study, discrete element method was employed to simulate the repeated load 
triaxial test for the granular materials. The sample was comprised of 25,873 particles with the 
particle size ranging from 2.36 mm to 19.0 mm. And then the simulation was carried out by 
applying a combination of 16 different stress levels to the sample according to testing 
protocol P46: “Resilient modulus of unbound granular, base/sub-base materials and subgrade 
soils”. Based on the results obtained from the simulation, it is shown that discrete element 
method is able to replicate the repeated load triaxial test in the laboratory. The stress-strain 
response from the discrete element method simulation is conformed to the data of a typical 
experiment in the laboratory. However, due to the complexity of the input parameters such as 
normal and shear stiffness, the currently developed DEM model is not capable to simulate the 
repeated load triaxial test independently. Further research works are required in order to 
improve the application of the proposed DEM model. 
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5.9.1 Introduction 
 
Mr is highly recommended to characterise the resilient behaviour of pavement materials. Mr 
values for fine-grained soils can be obtained from the repeated load triaxial in the laboratory. 
Inherently, it is a challenge to perform repeated load triaxial tests as a basic routine test due to 
the complicated, time-consuming and expensive procedure. Therefore, several empirical 
approaches are proposed to predict Mr from other soil mechanical properties, such as CBR, 
unconfined compressive strength or physical properties. By investigating the relationship 
between Mr and CBR for some Victorian fine-grained subgrade soils, it was found that the 
stress levels have a significant effect on the estimation of Mr. Moreover, Mr results from the 
developed relationships were also compared with those calculated from the relationships 
suggested by AASHTO and Austroads, and it was found that these relationships over-
estimate significantly. 
 
The experimental materials, testing methods and results from this development have been 
submitted for possible publication in the Road Materials and Pavement Design Journal. A 
copy of the submitted paper is presented in this section. 
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RESILIENT MODULUS OF FINE-GRAINED SOILS 
USING CBR AND FIELD STRESS LEVEL FOR 
PAVEMENT DESIGN 
 
Abstract 
 
In pavement design, the resilient modulus (Mr) is an important parameter to characterise the 
resilient behaviour of pavement materials. The Mr can be determined in the laboratory from 
the repeated load triaxial. Inherently, it is a challenge to perform repeated load triaxial tests as 
a basic routine test due to its complicated, time-consuming and expensive procedure; hence, 
several empirical approaches to estimate Mr from other soil mechanical properties have been 
proposed, such as CBR, unconfined compressive strength or physical properties. This study 
investigated the relationship between Mr and CBR for some Victorian fine-grained subgrade 
soils. It was found that the stress levels have a significant effect on the estimation of Mr for 
the soils used in this study. Moreover, the Mr results from the models developed in this study 
were compared with those calculated from the relationships suggested by AASHTO and 
Austroads and it was found that these relationships over-estimate significantly. 
 
Keywords: Resilient modulus, California Bearing Ratio, pavement design, fine-grained soils. 
 
1. INTRODUCTION 
 
1.1 Resilient modulus 
 
Technically speaking, pavements can be classified into two groups – rigid and flexible or 
concrete and asphalt.  As the name implies, rigid pavements are technically rigid under the 
traffic loading and are constructed of concrete slabs resting directly on the subgrade soils, 
while flexible pavements typically consist of several layers – sprayed seal surface layer, base, 
sub-base and subgrade – with different materials and different thicknesses. In both pavement 
types, the subgrade always acts as the foundation (e.g., Yoder and Witczak 1975, 
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Papagiannakis and Masad 2008). The traffic load is distributed and transferred through the 
pavement layers to the subgrade. 
 
Introduced in the mid-1950s by Seed et al. as a stiffness parameter, the resilient modulus (Mr) 
has become an important parameter to characterise the resilient behaviour of the subgrade 
soils, base and sub-base granular materials under repeated traffic loads. The resilient modulus 
has been recommended as an indicator to evaluate the performance of the subgrade and 
granular materials in many different pavement design guides, such as the “AASHTO guide 
for design of pavement structures” (AASHTO 1993) and “Austroads pavement design guide” 
(Austroads 2012). 
 
Theoretically, the resilient modulus is defined as the ratio of the deviator stress to the 
recoverable elastic strain after a series or a combination of confining and deviator stresses 
have been applied to the specimen. 
 Mr = σdεr           (1) 
 
Where: Mr = resilient modulus (MPa) 
 σd = deviator stress (kPa) 
 εr = recoverable strain (µm) 
 
It can be clearly observed from Equation 1, that the resilient modulus is stress-dependent. 
This means that there is a resilient modulus value corresponding to a single applied stress. 
Therefore, it is common to represent the resilient modulus in terms of the stress parameters. 
Various mathematical models have been proposed by different researchers; a summary of 
some of these models is presented in Table 1. 
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Table 1. Mathematical models for the resilient modulus 
 
Equation 
No. 
Equation Reference 
2 M = k cσ*pd  Dunlap (1963) Monismith et al. (1967) 
3 M =	k cσPd Moossazadeh and Witczak (1981) 
4 M =	k cσXYP d Seed et al. (1967) 
5 M = k a` cσXYP d cσPd Uzan (1985) 
6 M = kF +	k*(k − σ)  (k ≥ σ) Thompson and Robnett (1979) 
Raad and Figueroa (1980) 7 M = kF +	k*(k − σ)  (k < σ) 
8 M =	k a` cσXYP d (τ\]^P ) Witczak and Uzan (1988) 
9 M =	k cσσF + σFσ*+σ*στ\]^ d  Johnson et al. (1986) 
10 M =	k c(σ + σF+σ*)/3σ d Tam and Brown (1988) 
11 M = k a` cσ*Pd cσPd Pezo (1993) 
12 M = k cσ*P + 1d cσP + 1d Hopkins et al. (2001) 
13 M = k a` cσ*P + 1d cσP + 1d Ni et al. (2002) 
14 M =	k a` cσXYP d (τ\]^P + 1) National Highway Cooperative 
Research Program Project 1-37A 
(2004) 15 
M =	k a` !" # (e!" + 1)  (σF =σ*) 
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16 
M =	k a` cσXY − 3	kEP d (τ\]^P+ kf) 
National Highway Cooperative 
Research Program Project 1-28A 
(2004) 
17 M = k a` cσXYP + 1d cσP + 1d Ooi et al. (2004) 
18 M = k a` cσXYP + 1d cτ\]^P + 1d 
19 M = k a` )*	2!" # $%&'!" + jf# +k(m − n)op  Gupta et al. (2007) 
 
Where: Mr = resilient modulus (MPa) 
   k1, k2, k3, k4 and k5= regression coefficients.  
  α1 and β1 = regression coefficients.  
  σ3 = confining stress (kPa) 
  σd = deviator stress (kPa) 
  σsum = (3σ* + σ) = sum of principal stresses (kPa) 
  τoct = octahedral shear stress (kPa) 
 Pa = reference stress (= 100 kPa) 
 (ua - uω) = matric suction (kPa) 
 
The resilient modulus of subgrade soil can be determined from the testing in the laboratory. 
The testing sample can be undisturbed or disturbed. With the laboratory-prepared specimens, 
a range of moisture contents and densities can be tested to simulate the field conditions. The 
most common test method to characterise the resilient behaviour of the subgrade soil in the 
laboratory is the repeated load triaxial test. In the repeated load triaxial test, the main purpose 
of the combination of the deviator and confining stresses is to simulate the dynamic traffic 
loading.  The repeated load triaxial test has several advantages. The main advantage is the 
different stress levels that can be applied to a specimen in order to simulate the field 
conditions of the actual flexible pavement. In addition, loading waveforms in different shapes, 
such as haversine or rectangular, have been created by the testing equipment. However, 
practically speaking, it is a challenge to carry out the repeated load triaxial test as a daily 
routine test in the laboratory because of the time-consuming and complicated testing 
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procedure. Furthermore, a skilful operator is also required to run the test with a high quality 
control procedure in place. 
 
1.2  BDDCalifornia Bearing Ratio (CBR) 
 
The California Bearing Ratio CBR test was developed by the California State Highways 
Department during the early 1930s to evaluate the mechanical strength of subgrades and base 
courses in laboratory conditions. Since then, several countries have developed or adopted 
pavement design methods based on the CBR value of the materials. Technically speaking, the 
CBR test can be carried out in the laboratory (AS 1289.6.1.1 2014, ASTM D1883-07e2 2007) 
or on site (AS 1289.6.1.3 1998, ASTM D4429-09a 2009). When the standard CBR test is 
carried out in the laboratory, all stones greater than 19 mm are removed. After that, the 
material is compacted into a standard mould under a standard or modified compaction effort 
and at predetermined moisture content, normally at the optimum moisture content. If the test 
is performed under soaked conditions, then the mould is soaked for four days. The 
penetration is performed with a standard plunger at a specific loading rate, e.g., 1 mm/minute. 
The load required to cause the penetration is then divided by the load required to achieve an 
equal penetration on a standard crushed stone material. The penetration depth of 2.5 and 5.0 
mm are usually used. In the field, a portable CBR has been adopted. 
 
Over the years, many correlations have been developed for the prediction of CBR by various 
researchers, including dynamic cone penetrometer, light weight dynamic cone penetrometer, 
undrained shear strength and Clegg impact hammer (Kleyn 1975, Livneh 1987, Harrison 
1989, Livneh et al. 1992, Ese et al. 1994, Coonse 1999, Gabr et al. 2000, Al-Amoudi et al. 
2002, Gregory 2007, Nguyen and Mohajerani 2014). 
 
1.3 Resilient modulus and California Bearing Ratio 
 
As mentioned earlier, due to the challenge to perform the repeated load triaxial test as a 
routine test in the laboratory, it is desirable to employ an indirect approach to estimate the Mr. 
In fact, the “AASHTO guide for design of pavement structures” (AASHTO 1993) 
recommends the use of the empirical relationships between Mr and other simple soil tests for 
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the pavement design. Various empirical relationships with other material properties such as 
physical (e.g., Drumm et al. 1997, Lee et al. 1997, Von Quintus and Killingsworth 1998, 
Mohammad et al. 1999 and Dai and Zollars 2002) or mechanical properties (Thompson and 
Robnett 1979, Hassan 1996, Jianzhou et al. 1999, George and Uddin 2000 and Herath et al. 
2005) were proposed to estimate the Mr. Among these correlations, the most extensively used 
empirical equation by pavement designers and researchers for estimating the in situ resilient 
modulus of subgrade soil is the correlation with CBR. Moreover, this correlation is also 
recommended by the AASHTO Guide (1993) and Austroads pavement design guide (2012). 
A summary of some of the correlations between the Mr and CBR are shown in Table 2. 
 
Table 2. Some empirical equations between the resilient modulus and CBR 
 
Equation 
No. 
Equation References Comments 
20 Mr (psi) = 1500 (CBR) 
Heukelom and 
Klomp (1962) 
Valid for soaked CBR 
< 10 
Mr tested with 
instrumented 
vibratory compactor. 
21 Mr (psi) = 5,409 (CBR)0.71 
Green and Hall 
(1975) 
U.S. Army Corps of 
Engineers. 
22 Mr (psi) = 2555 (CBR)0.64 
Power et al. (1984) 
Transportation and 
Road Research 
Laboratory (TRRL) 
None. 
23 Mr (psi) = 3116 (CBR)0.478 
Webb and Campbell 
(1986) 
Mr showed no 
significant change 
within ± 1.5% of 
optimum moisture 
content. 
24 Mr (MPa) = 17.914 (CBR)0.874 Hopkins (1994a) None. 
25 Mr (MPa) = 17.6 (CBR)0.64 AASHTO pavement Developed from the 
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design guide 2002 
(ARA, 2004) 
experimental data of 
nearly 400 flexible 
pavement sections 
(Lister and Powell, 
1987). 
26 Mr (ksi) = 1.2 (CBR) 
Ohio Department of 
Transportation 
(2008) 
CBR is estimated as a 
function of the liquid 
limit, plasticity index 
and percent passing 
the No. 200 sieve 
(p#200). 
27 Mr (MPa) = 10 (CBR) 
Austroads pavement 
design guide (2012) 
Valid from 5 x CBR 
to 20 x CBR (Sparks 
and Potter, 1982). 
28 Mr (psi) = 3000 (CBR)0.65 
South African 
Council on Scientific 
and Industrial 
Research (CSIR) 
Valid for CBR range 
from 2 to 12. 
 
From Table 2, it can be clearly seen that all of the proposed relationships are in the power 
format and can be generally represented as below: 
 
Mr (MPa) = A (CBR)B                          (29) 
 
Where: A = 10 – 17.914 for Mr (MPa) or 1500 – 5409 for Mr (psi) 
   B = 0.64 to 1 for Mr (MPa) or 0.478 – 1 for Mr (psi) 
 
With the similar objective, in the current study, the relationship of Mr and CBR is 
investigated for some Victoria fine-grained soils. Moreover, the effect of the deviator stress 
and confining stress is also discussed. 
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2. Materials and method 
 
2.1 Materials 
 
With the main objective being to investigate the relationship between the Mr, CBR and stress 
level, a range of fine-grained soils was collected for the experimental programme. In total, 
eight different fine-grained soils were obtained from different suburbs in Melbourne, 
Victoria. A summary of the physical properties of these soils is provided in Table 3. All tests 
were carried out according to Australian Standards (AS1289.3.1.1, AS 1289.3.2.1 and AS 
1289.5.1.1). 
 
Table 3. Physical properties of the soil samples. 
 
Sample  
USCS 
Symbol 
OMC 
(%) 
MDD 
(t/m3) 
LL 
(%) 
PL 
(%) 
PI 
(%) 
Location 
S1 CL 26.8 1.41 39.1 24.1 15.0 Featherbrooke Estate, Point Cook 
S2 CL 19.5 1.49 25.3 18.2 7.1 Deer Park Bypass, Deer Park 
S3 CL 20.1 1.57 31.8 22.1 9.7 Waverley Park Estate, Mulgrave 
S4 CH 22.9 1.67 56.0 23.4 22.6 Garnet Street, Ferntree Gully 
S5 CL 19.6 1.52 25.4 13.7 11.7 Kingsley Avenue, Point Cook 
S6 SC 17.0 1.81 31.0 21.0 10.0 Processed quarry by-product 
S7 SC 14.0 1.84 25.9 17.0 8.9 Processed soil 
S8 SC 15.0 1.82 24.4 16.8 7.6 Processed soil 
 
2.2 Repeated load triaxial test: 
 
In the laboratory, the repeated load triaxial equipment is used to measure the resilient 
modulus. The testing system used in this study is illustrated in Figure 1: 
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Fig. 1. Repeated load triaxial apparatus 
 
Technically speaking, the main part of the repeated load triaxial system is a pneumatic 
loading frame that can produce a cyclic loading with a predetermined magnitude and loading 
time on the testing sample. The loading is measured by the load cell and the deformation is 
recorded by two linear variable differential transformers. All the transducers are located 
outside the triaxial cell. The confining medium used in the testing is dry air. The data are 
captured by the software that can be used for the analysis later. The current study used 
AASHTO T307: “Standard method of test for determining the Mr for soils and aggregate 
materials” as the main testing standard, because, currently, there is no Australian standard 
available for fine-grained soils. According to the testing standard, the soil sample should have 
a diameter of 100 mm and a height of 200 mm. The sample is compacted at the standard 
compaction energy and is mounted into a triaxial cell. Moreover, the AASHTO T307 also 
uses the haversine shaped load form. The cyclic load duration consists of 0.1 seconds for the 
loading period followed by the recovery duration of 0.9 seconds. The details of the loading 
sequences and the number of cycles for each sequence can be seen in Table 4. 
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Table 4. Details of the testing sequence used in this study. 
 
Sequence 
number 
Confining stress (σ3) 
(kPa) 
Deviator stress (σd) 
(kPa) 
Number of load cycles 
(cycle) 
0 41.4 24.8 1,000 
1 41.4 12.4 100 
2 41.4 24.8 100 
3 41.4 37.3 100 
4 41.4 49.7 100 
5 41.4 62.0 100 
6 27.6 12.4 100 
7 27.6 24.8 100 
8 27.6 37.3 100 
9 27.6 49.7 100 
10 27.6 62.0 100 
11 13.8 12.4 100 
12 13.8 24.8 100 
13 13.8 37.3 100 
14 13.8 49.7 100 
15 13.8 62.0 100 
 
In Table 4, the contact stress is also required to maintain positive contact between the top 
cap and the sample during the test and is calculated as 0.4 of the total amount of the deviator 
stress and the contact stress applied on the testing sample. Moreover, the first sequence, 
which is considered as the pre-conditioning sequence, has 1,000 loading cycles. The other 
sequences have 100 loading cycles. 
 
2.3 CBR testing apparatus 
 
The apparatus used for the CBR test was a standard CBR apparatus with a computer interface. 
Figure 2 is a photograph of the CBR set up with a specimen.  
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Fig. 2. CBR testing apparatus 
 
The penetration was measured using a 25 mm strain transducer mounted to the CBR 
plunger. The load was measured by the 50.0 kN S-type load cell. The samples were prepared 
at different moisture contents and at the standard compaction. The CBR tests were carried out 
according to Australian Standards AS 1289.6.1.1 (2014). 
 
2.4 Sample preparation 
 
In order to fulfil the main objective, the soil samples were compacted at the standard 
compaction effort (AS 1289.5.1.1 2003) with three identical samples per testing condition. In 
order to investigate the effect of moisture content on the CBR, individual soil samples were 
prepared at four different moisture contents – OMC, dry and wet of OMC and at the soaked 
condition. The dry and wet side of the OMC were taken at approximately ± 2.5 % of the 
OMC, which provided a variation range of 5% of OMC for the investigation. The soaked 
condition was achieved by soaking the compacted soil sample at OMC in the water for four 
days. More details of all the soil samples are shown in Table 5. 
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Table 5. Moisture content level for all the experimental soil samples. 
 
Sample Moisture content (%) Moisture conditions 
S1-O 26.8 OMC 
S1-W 30.0 Wet of OMC 
S1-D 24.0 Dry of OMC 
S1-S 37.0 Soaked condition 
S2-O 19.5 OMC 
S2-W 23.0 Wet of OMC 
S2-D 17.0 Dry of OMC 
S2-S 29.0 Soaked condition 
S3-O 20.1 OMC 
S3-W 23.0 Wet of OMC 
S3-D 17.0 Dry of OMC 
S3-S 27.0 Soaked condition 
S4-O 20.4 OMC 
S4-W 23.0 Wet of OMC 
S4-D 18.0 Dry of OMC 
S4-S 27.0 Soaked condition 
S5-O 17.5 OMC 
S5-W 20.0 Wet of OMC 
S5-D 15.0 Dry of OMC 
S5-S 24.0 Soaked condition 
S6-O 17.0 OMC 
S6-D 14.5 Dry of OMC 
S6-S 19.5 Soaked condition 
S7-O 14.0 OMC 
S7-W 16.5 Wet of OMC 
S7-D 11.5 Dry of OMC 
S7-S 18.9 Soaked condition 
S8-O 15.0 OMC 
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S8-W 17.5 Wet of OMC 
S8-D 12.5 Dry of OMC 
S8-S 19.6 Soaked condition 
 
 
3. Results and discussion 
  
As mentioned earlier, all the soil samples were tested with different moisture contents – 
OMC, wet and dry of OMC and soaked conditions. In addition, a total of 16 loading 
sequences were used for the repeated load triaxial test. The summary of the results for Mr in 
terms of the stress sequences and the moisture content for all soil samples is shown in Figure 
3 to Figure 6 
 
Fig. 3. Resilient modulus for all samples at dry of OMC for different stress levels (loading 
sequence number) 
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Fig. 4. Resilient modulus for all samples at OMC for different stress levels (loading sequence 
number) 
 
Fig. 5. Resilient modulus for all samples at wet of OMC for different stress levels (loading 
sequence number) 
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Fig. 6. Resilient modulus for all samples at soaked condition for different stress levels 
(loading sequence number) 
 
It can be observed from Figure 3 to Figure 6 that the Mr is highly dependent on the stress 
level including the deviator and confining stresses. From Table 4, from the loading sequence 
numbers 1 to 5, the deviator stress increases from 12.4 kPa to 62.0 kPa, respectively, whereas 
the confining stress is kept constant at 41.4 kPa. Figure 3 to Figure 6 show that the Mr 
decreases when the deviator stress increases for the loading sequence numbers 1 to 5. This 
observation is because, as the deviator stress increases, the permanent deformation of the 
sample increases, and, therefore, the resilient deformation reduces. This effect of deviator 
stress on the Mr is well reported in the literature (e.g., Robnett 1979, Drumm et al. 1990, 
Thompson and Wilson et al. 1990). However, at the same deviator stress of 12.4 kPa, the 
confining stress values of the loading sequence numbers 1, 6 and 11 are 41.4, 27.6 and 13.8 
kPa, respectively; it can be observed that the effect of the confining stress on the Mr is not 
clear for the materials used in this study. For example, in Figure 5, for soil sample S1, as the 
confining stress decreases, the Mr increases. However, it is also found that the Mr decreases 
when the confining stress reduces for soil S2. It can be concluded that the Mr does not depend 
on the confining stress; this observation is in good agreement with previous research (e.g., 
Seed et al. 1962, Thomson and Robnett 1976, Rada and Witczak 1981, Pezo and Hudson 
1994). 
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In order to take into account the effect of these stresses, several constitutive models have 
been proposed as discussed earlier. In this study, the following model introduced by Uzan 
1985, Equation 30, was selected for investigation. 
 
M = k × P × !" # × L!"#        (30) 
 
Where: Mr = resilient modulus (MPa). 
  k1, k2 and k3 = Model coefficients obtained from regression analysis . 
 σd = deviator stress (kPa). 
 σsum = (3σ* + σ) = sum of principal stresses (kPa). 
 Pa = reference stress (100 kPa). 
 
In this model, the significant influence of the deviator and the lower impact of the 
confining stress are described in terms of bulk stress. The model coefficients of the above 
models k1, k2, and k3 can be seen in Table 6: 
 
Table 6. The model coefficients for individual soil samples at each experimental moisture 
content. 
 
Soil sample k1 k2 k3 R2 
S1-D 801 0.119 -0.129 0.98 
S1-O 638 0.108 -0.106 0.88 
S1-W 312 0.038 -0.255 0.95 
S1-S 214 -0.229 0.210 0.61 
S2-D 584 0.156 -0.248 0.96 
S2-O 533 0.163 -0.239 0.98 
S2-W 81 0.500 -0.449 0.86 
S2-S 97 0.390 0.207 0.77 
S3-D 1268 0.200 -0.181 0.97 
S3-O 1095 0.223 -0.141 0.97 
S3-W 1046 0.002 -0.109 0.87 
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S3-S 209 0.215 -0.399 0.83 
S4-D 890 0.350 -0.420 0.93 
S4-O 973 0.323 -0.117 0.99 
S4-W 747 0.289 -0.403 0.99 
S4-S 136 0.222 -0.411 0.82 
S5-D 933 0.356 -0.275 0.96 
S5-O 876 0.299 -0.369 0.94 
S5-W 433 0.312 -0.254 0.95 
S5-S 105 0.111 -0.336 0.84 
S6-D 554 0.367 -0.368 0.99 
S6-O 495 0.167 -0.310 0.93 
S6-S 76 0.245 -0.453 0.84 
S7-D 601 0.385 -0.278 0.98 
S7-O 695 0.021 -0.098 0.92 
S7-W 111 -0.237 -0.285 0.82 
S7-S 125 -0.168 -0.206 0.80 
S8-D 768 0.070 -0.093 0.97 
S8-O 537 0.164 -0.156 0.86 
S8-W 133 0.091 -0.408 0.95 
S8-S 99 -0.160 -0.286 0.93 
 
Because the Mr is stress dependent, before investigating the correlation between the Mr 
and CBR, a field representative Mr value from the repeated load triaxial test results should be 
selected. Technically speaking, the field representative Mr value is very important because it 
will be used as the design parameter. To obtain this field representative Mr value, typical 
stresses on the top of the subgrade resulting from a standard single axle loading of 80 kN and 
a contact wheel pressure of 689 kPa were investigated. In their study, George and Uddin 
(2000) selected the deviator stress of 37.2 kPa and the confining stress of 13.78 kPa to 
develop the correlation between the laboratory Mr and DCPI for fine-grained soils. 
Furthermore, in 2004, Rahim et al. also performed an analysis for a typical pavement selected 
for the stress analysis consisting of a 50 mm asphalt wearing course, 100 mm asphalt binder 
course, and 150 mm lime-treated subgrade. They showed that the standard single axle loading 
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of 80 kN yielded a deviator stress of 37.2 kPa (5.4 psi) and a confining stress of 13.78 kPa (2 
psi) on the top of the subgrade. Therefore, for the current study, an approximate field 
representative deviator stress of 37.2 kPa and a confining stress of 13.78 kPa were selected to 
develop a relationship of Mr and the CBR. The testing results of the Mr and CBR are 
described in Table 7. 
 
Table 7. Resilient modulus at σd of 37.2 kPa and σ3 of 13.78 kPa, and CBR. 
 
Sample CBR Mr (MPa) 
S1-D 8 89 
S1-O 14 70 
S1-W 5 40 
S1-S 2 12 
S2-D 19 70 
S2-O 20 65 
S2-W 7 61 
S2-S 5 5 
S3-D 20 143 
S3-O 25 117 
S3-W 5 116 
S3-S 3 29 
S4-D 30 127 
S4-O 35 100 
S4-W 12 104 
S4-S 4 20 
S5-D 25 114 
S5-O 25 115 
S5-W 25 52 
S5-S 2 4 
S6-D 11 73 
S6-O 25 62 
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S6-S 3 10 
S7-D 14 72 
S7-O 25 76 
S7-W 4 15 
S7-S 2 16 
S8-D 13 82 
S8-O 25 61 
S8-W 5 19 
S8-S 2 13 
 
It has been well documented by previous researchers that besides the applied stress, the 
moisture content also has a significant effect on the Mr and CBR. The effect of the moisture 
content on the CBR for all soil samples is shown in Figure 7. 
 
 
Fig. 7. CBR for all soil samples at different moisture contents 
 
From Figure 7, it can be clearly observed that the CBR is strongly dependent on the 
moisture content level for all soil samples. Basically, the CBR is highest at the OMC. For 
example, for soil S-1, the CBR value is 14 (%) at OMC of 26.8 (%) and decreases to 5 and 2 
(%) at wet of OMC of 30 and soaked 37 (%) conditions, respectively. The same types of 
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opposite variation for the relationships of the CBR with respect to moisture content were 
found for all the soils tested. Under the same compactive effort, the compacted sample 
achieves the maximum density, which gives the highest strength. On the other hand, at the 
other moisture content, the sample has lower dry density, which can reduce the strength of 
the sample accordingly. The same strength response to a change in the moisture content was 
observed by Coonse for the CBR (Coonse 1999). 
 
Furthermore, Figure 7 shows that the CBR values drop very significantly when the 
moisture contents reduce from OMC to soaked conditions. This confirms the significant 
reduction of strength of fine-grained subgrade soils when the moisture content increases too 
close to the saturation condition. For example, for soils S-4 and S-5, the CBR values drop 
from 35 (%) to 4 (%) and from 25 (%) to 2 (%), respectively. 
 
 
 
Fig. 8. Resilient modulus values for all soil samples at different moisture contents (σd = 37.2 
kPa and σ3 = 13.78 kPa) 
 
Obviously, from the above figure, it can be observed that as the moisture content increases, 
the Mr decreases. In addition, the highest Mr value can be seen at the dry of the OMC even 
though the dry density of the sample at the dry of OMC is not the maximum dry density. This 
can be explained due to the capillary suction and lack of lubrication at the dry moisture. 
0
20
40
60
80
100
120
140
160
10 15 20 25 30 35 40
R
es
ili
en
t m
o
du
lu
s 
(M
Pa
)
Moisture content (%)
S1
S2
S3
S4
S5
S6
S7
S8
Subchapter 5.9                                                       Prediction of Resilient Modulus from California Bearing Ratio 
 
Bao Thach Nguyen – PhD thesis                                                                                                                          295 
 
Under the effect of capillary suction, soil particles are forced to move close to each other, 
which can increase the effective stress, therefore increasing the Mr. The soaked condition 
gives the smallest Mr value. These behaviours are typical for fine-grained soils (e.g., 
Barksdale 1972, Fredlund 1977, Drumm et al. 1990, Huang 2001, Butalia et al. 2003 and 
Heydinger 2003). 
 
Before investigating the relationship of the Mr and CBR for all the soil samples, the 
correlation for each soil sample with four different moisture content levels was investigated 
individually for a deviator stress of 37.2 kPa and confining stress of 13.78 kPa. The general 
correlation format as presented in Equation 29 can be seen as follows: 
 M = A(CBR)T																																					                          (31) 
 
Where: A, B = Model coefficients. 
 
The model coefficients and coefficient of determination of the above relationship for the 
individual soil samples used in this study, from the regression analysis, are illustrated in 
Table 8. 
 
Table 8. The model coefficients and coefficient of determination for individual soil samples 
(σd = 37.2 kPa and σ3 = 13.78 kPa). 
 
Sample A B R2 
S1 7.463 0.984 0.85 
S2 1.430 1.345 0.56 
S3 26.038 0.540 0.58 
S4 9.074 0.763 0.79 
S5 1.500 1.265 0.95 
S6 4.644 0.913 0.80 
S7 7.761 0.742 0.88 
S8 7.684 0.726 0.82 
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It can be observed from Table 8 that the correlations of soil sample S2 and S5 have the 
lowest and the highest coefficient of determinations with R2 = 0.56 and 0.95, respectively, 
and for all soils is above 0.8 except for samples S2 and S3. By taking into account all of the 
experimental soil samples at different moisture contents and at a typical field stress level (σd 
= 37.2 kPa and σ3 = 13.78 kPa), Equation 31 is transformed as below: 
 M = 6.746(CBR)C.SE*	          
(R2 = 0.65, number of cases = 31)                                                      (32) 
 
In order to take into account the effect of the stress levels in Equation 32, the model 
suggested by Uzan (1985) (Equation 5, Table 1) is modified with the CBR as the additional 
independent variable. The following model was found from the regression analysis of all the 
results at stress levels used in the study. 
 
M = 0.058	P	(CBR)C.S** !" #C.ff L!"#)C.FE*					                                      
(R2 = 0.67, number of cases = 496)                                                    (33) 
 
Where: σsum = (3σ* + σ) = sum of principal stresses (kPa). 
  
σd = deviator stress (kPa). 
  Pa = reference stress (100 kPa). 
 
In order to examine the results from Equations 32 and 33, the Mr values calculated from 
these equations and also from the relationships given in AASHTO (2002) and Austroads 
(2012) for estimating the Mr (Equations 25 and 27, respectively, Table 2) have been 
calculated for some typical CBR values for fine-grained subgrade soils (Austroads, 2008); 
these are presented in Table 9 for comparison. 
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Table 9. The summary of resilient modulus values calculated from Equation 25, 27, 32 and 
33 based on the typical CBR values. 
 
Typical 
CBR 
Mr from 
Equation 33 
(MPa) 
Mr from 
Equation 32  
(MPa) 
Mr from 
Equation 25 
(AASHTO)  
(MPa) 
Mr from 
Equation 27 
(Austroads) 
(MPa) Min Max 
2 12 18 12 27 20 
3 16 25 17 36 30 
4 21 32 22 43 40 
5 25 39 26 49 50 
6 29 45 31 55 60 
 
Table 9 shows that the Mr values found from equation 32 are very similar to the minimum 
values found from Equation 33. This indicates that the stress levels, included in equation 33, 
have a significant effect on the estimation of the Mr from this type of empirical models. 
Moreover, it can also be observed that the difference between the minimum and maximum 
Mr values from Equation 33 is significant; about 30%. This confirms that the change in the 
applied deviator and confining stresses can have a significant effect on the variation of the Mr 
for the materials used in this study.  
 
  Furthermore, it can be observed that the Mr values determined from Equation 25 and 27, 
suggested by AASHTO and Austroads for the estimation of the resilient modulus from CBR, 
over-estimate about 25% or more compared to the values estimated from Equation 33 from 
this study.  
 
Further experimental work with different types of fine-grained soil is recommended for 
the development of a universal model for the estimation of the resilient modulus for this type 
of soil from the CBR and representative field stress levels. 
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4. Conclusion 
 
This study investigated the relationship among the resilient modulus (Mr), California Bearing 
Ratio (CBR) and the applied stresses for several Victorian fine-grained subgrade soils. Eight 
different subgrade fine-grained soils, which were prepared at optimum moisture contents, wet 
and dry of optimum moisture content (± 2.5 % of the optimum moisture content) and soaked 
conditions, were used for the investigation. The repeated load triaxial test following the 
AASHTO T307-99 (1999) standard was employed to determine the Mr. Moreover, laboratory 
CBR tests were performed according to the Australian standard AS 1289.6.1.1 (2014).  
 
Based on the results from the experimental work, the following model was found with an 
R2 value of 0.65 between the Mr and the CBR for the deviator stress of 37.2 kPa and the 
confining stress of 13.78 kPa, which are the typical stresses on the top of the subgrade 
resulting from a standard single axle loading of 80 kN, and a contact wheel pressure of 689 
kPa for a selected typical pavement.  
 
              													M = 6.746	(CBR)C.SE*                                   (R2 = 0.65) 
                
In order to take into account the effect of the stress level, the model reported by Uzan 
(1985) was employed with the CBR as the additional independent variable. The new 
relationship below was found to have an R2 value of 0.67. 
 
M = 0.058	P	(CBR)C.S** !" #C.ff L!"#)C.FE*					          (R2 = 0.67) 
                               
From a comparison of the resilient modulus results calculated from the above two 
equations, it was found that the stress levels have a significant effect on the estimation of the 
Mr from this type of empirical model. Moreover, the Mr results from the above two models 
were compared with those from the empirical relationships suggested by AASHTO and 
Austroads and it was found that these relationships over-estimate about 25% or more 
compared with the values estimated from the above equation for the soils used in this study. 
Further experimental work with different types of fine-grained soil are recommended for the 
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development of a universal model for the estimation of the resilient modulus for fine-grained 
subgrade soils from the CBR and representative field stress levels. 
 
Notation 
 
σ3   confining stress (kPa) 
σd   deviator stress (kPa)  
CBR  California Bearing Ratio 
LL  liquid limit (%) 
PI  plasticity index (%) 
PL  plastic limit (%) 
MC  moisture content (%) 
MDD  maximum dry density (t/m3) 
Mr  resilient modulus (MPa) 
OMC   optimum moisture content (%) 
USCS  unified soil classification system 
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5.10.1 Introduction 
 
Mr has been recognised as being an important property that governs the performance of 
pavement materials under traffic loads. Mr can be determined from the repeated load triaxial 
test in the laboratory and is defined as the ratio of σd to the recoverable strain. Inherently, it is 
a challenge to perform repeated load triaxial tests as a routine basic test due to its complicated, 
time-consuming and expensive procedure; hence, several empirical approaches have been 
proposed to estimate Mr from other soil mechanical properties, such as CBR or unconfined 
compressive strength. Among these mechanical properties, the Clegg impact hammer 
proposes a potential correlation due to its dynamic nature. In this study, an investigation was 
carried out with Mr and the Clegg impact tests on 14 unbound granular materials. A good 
relationship was found between these two parameters with a high coefficient of 
determination. 
 
The experimental materials, testing methods and results from this development have been 
submitted for possible publication in the Transportation Geotechnics journal. A copy of the 
submitted paper is presented in this section. 
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The Estimation of Resilient Modulus of Unbound Granular Materials of 
Pavements Using Clegg Impact Value and Field Stress Levels 
 
Abstract 
 
Resilient modulus (Mr) is an important property that controls the performance of pavement 
materials under dynamic wheel loads. Mr can be determined in the laboratory from repeated 
load triaxial tests and is defined as the ratio of the deviator stress to the recoverable strain 
after a number of load applications. Inherently, it is a challenge to perform repeated load 
triaxial tests as routine tests due to their rather complicated, time-consuming and expensive 
procedure. Hence, researchers have attempted to develop empirical estimation models based 
on the mechanical properties of pavement materials, such as the California bearing ratio and 
the unconfined compressive strength or physical properties of materials. This study examines 
the correlation between the Clegg impact value (CIV) and the Mr of unbound granular 
materials (UGM) of pavements. The Clegg impact hammer test provides a parameter based 
on the response of the material to dynamic, rather than static or gradual, loading. The results 
for the correlations between Mr and CIV were found to be promising with R2 values between 
o.65 and 0.82. A predictive model for Mr and the influence of stress levels were also 
developed with R2 and standard error of the estimate (SEE) values of 0.72 and 35 respectively. 
The effect of deviator and confining stresses on the Mr of the experimental materials were 
also studied and discussed.  
 
Keywords: Resilient modulus, Clegg impact value, unbound granular materials, pavement 
materials, pavement design 
 
1. Introduction 
 
A flexible pavement is a multilayered structure built with the purpose of carrying traffic 
loading. A typical flexible pavement structure consists of several layers, such as the surface 
course, base course, sub-base course and subgrade soil. These materials have different 
physical and mechanical properties. Technically, a flexible pavement is designed to distribute 
the loading traffic from the top layer with highest resilient modulus (Mr) to the weakest 
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subgrade soil without causing any damage to the structure. The surface course that is located 
on the top layer of the pavement helps to provide the smooth surface for the traffic. It can 
also help to resist abrasion and prevent the intrusion of water into the lower layers of the 
pavement. Sprayed and asphalt bituminous surfacing is commonly used for surface courses 
that are located on high quality unbound or cemented base course materials. Sub-base courses 
may also be required to provide additional thickness to the pavement or to maintain the 
separation between the base course and the subgrade soil. In some circumstances, the sub-
base layer may also be used to create a stable surface over a weak subgrade soil for the 
construction of the pavement. In practice, the subgrade soil is generally compacted at the 
desired density and can consist of natural or fill soils. 
 
Figure 1. A typical cross section for a flexible pavement 
 
Therefore, the deflection of the base and sub-base materials in response to the anticipated 
design loads has to be limited to prevent failure of the top layer. Consequently, considerable 
research has been conducted in the last decade to improve the performance of unbound 
granular materials in the base and sub-base layers. The performance of these granular 
materials and their response to dynamic loading by vehicular traffic is characterized by 
resilient behavior, which indicates their capacity to carry the load of the pavement (LeKarp et 
al., 2000). Resilient modulus (Mr) has been recommended by the AASHTO (1993) and 
Austroads (2012) design guides and has been widely-used as the main structural model input 
for pavement design.   
 
Subchapter 5.10                                                         Prediction of Resilient Modulus from Clegg Impact Value 
 
Bao Thach Nguyen – PhD thesis                                                                                                                          307 
 
This paper presents and discusses the results from a study on the relationship between the 
Clegg impact value (CIV) and the Mr of unbound granular materials (UGM) of pavements, 
with the purpose of developing a simple, inexpensive and acceptable indirect method for the 
estimation of resilient modulus of pavement granular materials. 
 
1.1 Resilient modulus 
 
Resilient modulus, Mr, is defined as the ratio of the deviator stress to the consequent 
recoverable strain, as shown in Equation 1. 
 
M = σL
εU        (1) 
 
Where: Mr = Resilient modulus (MPa) 
       σd = σ1 – σ3 = Deviator stress (kPa) 
 εr = ε2 – ε1 = Recoverable strain (µm) 
 
In the laboratory, Mr is obtained from a repeated load triaxial testing equipment. The 
image of the resilient behaviour of granular materials from repeated load triaxial tests is 
shown in Figure 2. 
 
Figure 2.  Image of the resilient behaviour of granular materials under repeated load triaxial 
tests 
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From Figure 2, it could be clearly seen that Mr was stress-strain dependent. Literature also 
showed that Mr was stress dependent (e.g. Rada and Witczak, 1981; Lekarp et al., 2000; 
Werkmeister, 2003). Dastich and Dawson (1995) explained this dependence of granular 
materials based on Hertz’s theory. Each granular particle was represented by a sphere and 
when the stress applied on the specimen increased, the contact area among the spheres also 
increased. Therefore, the resistance against the closure of the centre of the sphere increased. 
 
It was also reported that unbound granular materials were highly dependent on confining 
pressure and, to a lesser extent, on deviator stress (e.g. Hicks and Monismith, 1971; Lekarp et 
al., 2000; Amber and Harold, 2002; Zeghal, 2004; Papagiannakis and Masad, 2008). An 
increase in confinement corresponded to an increase in Mr. In addition to the stress and strain, 
several other factors affected the resilient behaviour of granular materials, such as stress 
history, load sequence and particle shape (LeKarp et al., 2000). 
 
Generally, the Mr is reported as a function of the deviator and confining stresses after 
repeated load triaxial tests. The main reason behind this process was to illustrate the 
fundamentally stress-dependent property of the Mr. Over the last decade, several models have 
been proposed by many researchers for modelling Mr, in terms of the applied stresses. A 
summary of some of the models reported by different researchers is presented in Table 1. 
 
Table 1. Summary of the models of resilient modulus reported from previous research  
Equation 
No. 
Equation Reference 
2 M = k Vσ*P W

 
Dunlap (1963) 
Monismith et al. 
(1967) 
3 M =	k VσP W

 
Moossazadeh and 
Witczak (1981) 
4 M =	k VσXYP W

 
Seed et al. (1967) 
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5 M = kP VσXYP W
 VσP W

 
Uzan (1985) 
6 M = kF +	k*(k −σ)  (k ≥σ) Raad and Figueroa 
(1980) 
Thompson and 
Robnett (1979) 
 
7 M = kF +	k*(k −σ)  (k <σ) 
8 M =	kP VσXYP W
 (τ\]^P ) Witczak and Uzan (1988) 
9 M =	k VσσF +σFσ*+σ*σ
τ\]^ W

 
Johnson et al. 
(1986) 
10 M =	k V(σ +σF+σ*)/3
σ W

 
Tam and Brown 
(1988) 
11 M = k a` Vσ*P W
 × VσP W

 
Pezo (1993) 
12 M = k Vσ*P + 1W
 VσP + 1W

 
Hopkin et al. (2001) 
13 M = k a` Vσ*P + 1W
 VσP + 1W

 
Ni et al. (2002) 
14 M =	k a` VσXYP W
 (τ\]^P + 1) 
National Highway 
Cooperative 
Research Program 
Project 1-37A 
(2004) 
15 M =	k a` cσ!" d (σe!" + 1)  (σF =σ*) 
16 M =	k a` VσXY − 3 × kEP W
 (τ\]^P + kf) 
National Highway 
Cooperative 
Research Program 
Project 1-28A 
(2004) 
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17 M = k a` VσXYP + 1W
 VσP + 1W

 
Ooi et al. (2004) 
18 M = k a` VσXYP + 1W
 Vτ\]^P + 1W

 
19 
M = k a` gσ/×h2!" i cτ%&'!" + jfd +k(lm − ln)op  Gupta et al. (2007) 
 
Where: Mr = Resilient modulus (MPa) 
   k1, k2, k3, k4 and k5 = Regression coefficients  
  α1 and β1 = Regression coefficients  
  σ3 = Confining stress (kPa) 
  σd = Deviator stress (kPa) 
  σsum = Sum of principle stresses (kPa) 
  τoct = Octahedral shear stress (kPa) 
            Pa = Reference stress (= 100 kPa) 
            (µa - µω) = Matric suction (kPa) 
 
In practice, performing the repeated load triaxial tests was time-consuming with a 
complicated procedure. The apparatus required for the testing was also considerably 
expensive and the testing procedure was not consistent among different researchers and 
organizations. The changes not only included the stress level for each sequence but also 
extended to the position of the measuring device, such as load cell or displacement transducer 
(Protocol P46, 1996; AASHTO T307-99, 1999; AG:PT/T053, 2007). These issues motivated 
the search for less complex and inexpensive tests to obtain the Mr of road base and sub-base 
materials, for example, the California Bearing Ratio and dynamic cone penetrometer. 
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Table 2. Several empirical relationships between Mr and California Bearing Ratio and 
dynamic cone penetrometer 
Equation No. Equation Reference 
20 Mr = 10(CBR) Heukelom and Foster (1960) 
21 Mr = 38(CBR)0.711 Green and Hall (1975) 
22 Mr = 17.58(CBR)0.64 Powell et al. (1984) 
23 Mr = 18(CBR)0.64 Lister and Powell (1987) 
24 Mr = 21(CBR)0.65 Ayres (1997) 
25 Mr = 415.4(DCPI)-0.25 Gudishala (2004) 
26 Mr = 151.8(DCPI)-1.096 Mohammad et al. (2007) 
27 Mr = 235.3(DCPI)-0.475 George and Uddin (2000) 
 
Where: Mr = Resilient modulus (MPa) 
   CBR
 
= California bearing ratio (%)  
  DCPI = Dynamic cone penetration index (mm/blow)  
  
The numerical method, especially the discrete element method, could also be employed to 
estimate the Mr for unbound materials (Khogali and Zeghal, 2003; Kim and Siddik, 2005; 
Zeghal, 2004). 
 
The ranges and typical values for Mr have also been recommended to assist pavement 
designers. For example, Table 3 shows the ranges and typical values of Mr of granular 
materials at the optimum moisture content according to the USCS soil classification system 
(NCHRP 1-37A, 2004). 
 
Table 3. Ranges and typical values of Mr of granular materials at the optimum moisture 
content (NCHRP 1-37A, 2004) 
USCS 
Symbol 
Descriptions 
Resilient modulus 
(MPa) Typical resilient 
modulus (MPa) 
Low High 
GW Gravel or sandy gravel, well graded 272 290 283 
GP Gravel or sandy gravel, poorly graded 245 276 262 
Subchapter 5.10                                                         Prediction of Resilient Modulus from Clegg Impact Value 
 
Bao Thach Nguyen – PhD thesis                                                                                                                          312 
 
GM Silty gravel or silty sandy gravel 228 290 265 
GC Clayed gravel or clayed sandy gravel 166 259 148 
SW Sand or gravelly sand, well graded 193 259 221 
SP Sand or gravelly sand, poorly graded 166 228 193 
SM Silty sand or silty gravelly sand 193 259 221 
SC Clayed sand or clayed gravelly sand 148 193 166 
 
Austroads pavement design guide 2012 also provided the presumptive values of Mr for 
unbound granular materials under thin bituminous surfacing, as given in Table 4. The 
Austroads design guide also suggested using the maximum Mr values when other more 
reliable information was unavailable. 
 
Table 4. The presumptive values of Mr for unbound granular materials under thin bituminous 
surfacing (Austroads, 2012) 
Materials 
Resilient modulus 
(MPa) Typical resilient 
modulus (MPa) 
Low High 
High standard crushed rock base course 300 700 500 
Normal standard crushed rock for base course 200 500 350 
Base quality gravel 150 400 300 
Sub-base quality materials 150 400 250 
 
1.2 Clegg impact hammer 
 
Asai developed an apparatus in 1960 that had a falling mass. The acceleration of the falling 
weight was measured and correlated with the modulus of subgrade reaction from the static 
plate load test. Szendrei and Freeme improved this equipment in 1970 by using geophones. 
The Clegg impact hammer was then developed in 1976 by Baden Clegg, its main objective 
being to develop a simple equipment for the compaction control of road materials in the field 
by evaluating the mechanical properties of compacted materials. 
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The design of the Clegg impact hammer was very simple. The instrument consisted of a 
flat-ended cylindrical mass located inside a guide tube. There was also a small digital display 
screen on the tube to show the electrical output from the impact. Four different versions of 
Clegg impact hammer are available with different hammer masses. They include the standard 
Clegg hammer of 4.5 kg, light Clegg hammer of 0.5 kg, medium Clegg hammer of 2.25 kg 
and heavy Clegg hammer of 20 kg. The 4.5kg hammer was used for general-purpose 
applications, while the heavy hammer was used for aggregate testing across a large area, such 
as the top of a base course of flexible pavements, and the two lighter hammers were used for 
turf or sand testing (Clegg, 1983; Canaway et al., 1990; Rogers and Waddington, 1990; 
Erchul, 1999). More details about the different types of Clegg Impact hammers are described 
in Table 5. 
 
Table 5. Details of various types of Clegg impact hammer 
 
Clegg impact hammer 
type 
Drop weight 
(kg) 
Drop height 
(m) 
Diameter of the hammer 
(m) 
0.5 kg 0.5 0.45 0.05 
2.25 kg 2.25 0.45 0.05 
4.5 kg 4.5 0.45 0.05 
10 kg 10 0.30 0.13 
20 kg 20 0.30 0.13 
 
The Clegg hammer was operated by manually dropping the flat-ended cylindrical mass of 
a standard weight down a cylindrical guide tube from a standard height onto a compacted 
sample of a material in the laboratory or in-situ. The impact of the hammer with the material 
being tested provided a numerical electronic output, referred to as the Clegg Impact Value 
(CIV), and was measured by a precision accelerometer proportional to the hammer’s peak 
deceleration. This parameter was used as an indication of the strength or stiffness of the 
material. The test was conducted by dropping the hammer four times, after which the 
maximum recorded value was adopted as the CIV (ASTM standard D5874-02, 2002).  
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The main advantage of the Clegg impact hammer was that the test required only one 
operator and took less than five minutes to perform when the compacted material was ready. 
Moreover, the apparatus was portable and the CIV values were displayed instantly. Since 
Clegg (1978 and 1980) proposed that the Clegg impact hammer could be used as an 
alternative to the CBR test, several research studies had proposed the relationship between 
the CIV and the CBR (Yoder et al., 1982; Garrick and Scholer, 1985; Mathur and Coghlans, 
1987; Al-Amoudi et al., 2002). Table 6 presents a summary of the correlations between the 
CIV obtained from the 4.5 kg Clegg impact hammer and the CBR. 
 
Table 6. Correlations between CBR and CIV 
 
References Equations Test conditions 
Clegg (1980 and 1983) CBR = 0.072 × (CIV)F In situ 
Mathur and Coghlans (1987) CBR = 0.1085 × (CIV).SJ* N/A 
Al-Amoudi et al. (2002) CBR = 0.1691 × (CIV).JDf In situ and laboratory 
 
A theoretical relationship (Equation 28) had been developed for the Clegg Hammer 
Modulus (CHM), which was analogous to an elastic modulus (Clegg’s newsletter 14, 1995) 
 
   CHM = 0.088 × CIVF                     (28) 
 
Where: CHM = Clegg hammer modulus (MPa) 
     CIV = Clegg impact value 
 
Chowdbury and Nataatmadja (2001) had also proposed an equation to define the 
relationship between the resilient modulus and CIV for subgrades.  
 
This study investigated the possibility of developing a prediction model for the Mr of 
unbound granular materials based on CIV values measured on compacted samples of UGM 
materials in a CBR mould in the laboratory. It was done on the basis that the Clegg impact 
hammer test provided a property that was based on the response of the material to a dynamic 
loading. 
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2. Experimental materials 
 
The materials used in this study were collected from different suppliers in Victoria, Australia. 
They included the Boral quarry in Deer Park, Kilmore quarry, Alex Fraser Group, Australian 
Slag Association and a local quarry in Geelong. A total of fourteen samples were obtained 
and they covered a wide range of unbound granular materials used in road and pavement 
constructions in Victoria.  
 
These materials included Vicroads class 1, class 2, class 3 and class 4 crushed rocks, 
reclaim asphalt, aggregate and furnace slag as shown in the Table 7. The samples were 
prepared and compacted with modified compaction at the optimum moisture content (OMC) 
for UGM1, UGM2, UGM3, UGM4 and UGM5 and at the field moisture conditions for 
UGM6, UGM7, UGM8, UGM9, UGM10, UGM11, UGM12, UGM13 and UGM14. 
 
Table 7. Experimental granular materials used in this study 
Sample Material type 
OMC 
(%) 
Source 
UGM1 20 mm class 1 crushed rock* 8 Alex Fraser Group 
UGM2 20 mm class 2 crushed rock* 9 Alex Fraser Group 
UGM3 10 mm class 2 crushed rock* 9 Alex Fraser Group 
UGM4 20 mm class 3 crushed rock * 8 Alex Fraser Group 
UGM5 20 mm class 4 crushed rock * 11.5 Alex Fraser Group 
UGM6 20 mm reclaimed asphalt – Alex Fraser Group 
UGM7 7 mm basalt aggregate – Kilmore quarry 
UGM8 10 mm basalt aggregate – Kilmore quarry 
UGM9 14 mm basalt aggregate – Kilmore quarry 
UGM10 7 mm crushed river aggregate – A local quarry in Geelong 
UGM11 14 mm crushed river aggregate – A local quarry in Geelong 
UGM12 
20 mm air cooled blast furnace 
slag 
– 
Australian Slag Association 
UGM13 20 mm steel furnace slag – Australian Slag Association 
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UGM14 20 mm electric arc furnace slag – Australian Slag Association 
* UGM1, UGM2, UGM3, UGM4 and UGM5 were classified according to Vicroads 
(Vicroads specification section 812, 2011) 
 
3. Testing methods 
 
3.1 Repeated load triaxial test  
 
In this study, the repeated load triaxial test procedure and equipment (Figure 3) recommended 
by Austroads AG:PT/T053 (2007): “Determination of permanent deformation and resilient 
modulus characteristic of unbound granular materials under drained conditions” was used for 
the determination of the Mr values at different stress levels.  
 
 
 
Figure 3. The setup of the resilient modulus test (AG:PT/T053) 
 
The samples prepared for testing had a diameter of 100 mm and a height of 200 mm. The 
instructions described in the testing method were followed for the preparation and 
compaction of the samples. The samples were compacted inside a split mould directly on the 
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bottom plate of the triaxial cell. A modified compaction hammer of 4.9 kg was used and the 
compaction was carried out on 8 layers and there were 25 blows per layer for each sample. A 
membrane was placed inside the mould under vacuum pressure before the compaction. 
However, due to the nature of the unbound granular materials, the membrane was often 
damaged and a second membrane was required after the compaction. 
 
The confining pressure was produced from a combination of air and water after the 
preparation. The loading waveform for the deviator stress, which was controlled by the 
pneumatic actuator, was selected according to the Austroads testing standard. It comprised 
two stages, loading and unloading. The loading stage lasted for one second and was followed 
by a two-second resting period. The applied load was measured by a load cell that was 
mounted outside the cell, and the resilient deformation of the samples were recorded by two 
external linear variable differential transformers (LVDT). The testing procedure was 
completely automated. 
 
A total of 50 loading sequences and stress combinations recommended in the standard 
testing method were used in this study (Table 8). 
 
Table 8. Details of testing sequences used in this study 
 
Stress stage 
number 
Deviator 
stress 
σd (kPa) 
Confining 
stress 
σ3 (kPa) 
Stress 
stage 
number 
Deviator 
stress 
σd (kPa) 
Confining 
stress 
σ3 (kPa) 
Preconditioning 100 50 24 250 50 
0 100 50 25 375 75 
1 150 75 26 500 100 
2 200 100 27 250 50 
3 250 125 28 180 30 
4 300 150 29 300 50 
5 200 100 30 450 75 
6 150 50 31 300 50 
7 225 75 32 180 30 
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8 300 100 33 250 40 
9 375 125 34 210 30 
10 450 150 35 280 40 
11 225 75 36 350 50 
12 125 40 37 525 75 
13 100 30 38 280 40 
14 150 40 39 150 20 
15 200 50 40 245 30 
16 300 75 41 325 40 
17 400 100 42 400 50 
18 500 125 43 245 30 
19 300 75 44 185 20 
20 125 30 45 275 30 
21 100 20 46 370 40 
22 150 30 47 450 50 
23 200 40 48 275 30 
 
A preconditioning stage with 1000 cycles and 100 cycles for each one of the other stages 
were required for the resilient modulus test. There are some duplicate stages within these 
stress stages to check the elastic condition of the sample throughout the multiple loading 
stress stages. The duplicate stages as shown in Table 8 are 2 and 5, 16 and 19, 24 and 27, 28 
and 29, 31 and 32, 35 and 38, 40 and 43. 
 
3.2 Clegg impact hammer test 
 
The Clegg impact hammer test was conducted in accordance with the ASTM standard 
D5874-02 (2002) “Standard test method for determination of the impact value (IV) of a soil”. 
The standard test method recommends that the 4.5 standard Clegg hammer was suitable for 
soil-aggregate that had particle sizes of less than 37.5 mm. The materials used in the current 
study had particle sizes of less than 20 mm, therefore the 4.5 kg standard Clegg hammer 
equipment was used in this study, as shown in Figure 4. 
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Figure 4. Clegg impact hammer tester  
 
Samples were prepared in the CBR mould with the same density and moisture content 
used for the Mr tests (Figure 5).  
 
 
 
Figure 5. Sample in the CBR mould after the compaction 
 
The standard Clegg impact hammer test was conducted, which involved dropping the 
hammer onto the surface of the sample at a certain height. Four successive blows of the 
hammer were given and the maximum output was recorded as the CIV of the sample. 
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4. Results and discussion 
 
4.1 Resilient modulus 
  
As mentioned in the introduction, σd and σ3 affected the Mr values and it was common to 
present the Mr results as a function of the applied stresses. One of the more popular models, 
the model proposed by Hopkins et al. (2001) (Table 1, Equation 12), was used in this study to 
present the Mr results from the standard tests carried out on selected experimental UGMs. 
 
M = k × !" + 1# × L!" + 1#              (12) 
 
Where: Mr = Resilient modulus (MPa) 
   k1, k2 and k3 = Regression coefficients 
  σ3 = Confining stress (kPa) 
  σd = Deviator stress (kPa) 
  Pa = Reference pressure (=100 kPa) 
 
In the above equation, the coefficients of regression k1 and k2 were always positive, 
indicating that Mr increased when the confining stress increased and vice versa. On the other 
hand, the coefficient of regression k3 could be either positive or negative, depending on the 
effect of the deviator stress on Mr. This meant that when σd increased, Mr could either 
increase or decrease. The testing data was fitted against this model and the regression 
coefficients for the different type of tested materials are shown in the Table 9: 
 
Table 9. The value of the regression coefficients for the experimental materials 
 
Sample k1 k2 k3 R2 
UGM1 203.510 0.470 0.163 0.98 
UGM2 193.412 0.493 0.064 0.94 
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UGM3 172.528 0.476 0.156 0.99 
UGM4 144.008 0.469 0.161 0.99 
UGM5 137.524 0.573 0.112 0.99 
UGM6 104.610 0.684 0.177 0.96 
UGM7 72.300 0.996 0.208 0.91 
UGM8 62.718 0.918 0.381 0.96 
UGM9 77.593 0.822 0.278 0.96 
UGM10 56.477 1.080 0.195 0.96 
UGM11 62.525 0.884 0.286 0.96 
UGM12 55.864 1.203 0.209 0.97 
UGM13 72.204 1.168 0.120 0.96 
UGM14 73.536 1.187 0.056 0.97 
 
As mentioned in the introduction, within the stress stages suggested by the testing 
procedure, there were several loading sequences that had the same values of σd and σ3. The 
main reason was to check the elastic condition of the samples during the test. Table 10 
presents these loading sequences and their corresponding percentage of variation. 
 
Table 10. The percentage of variation of the duplicate stress stages 
 
Sample 2&5 7&11 16&19 24&27 28&32 29&31 35&38 40&43 
UGM1 1.50 2.08 2.57 2.54 0.08 0.72 2.23 0.52 
UGM2 0.43 5.18 2.12 2.89 1.54 2.53 7.55 4.77 
UGM3 2.09 1.60 1.50 2.02 0.82 1.02 2.28 0.93 
UGM4 1.48 2.09 1.45 1.69 0.66 0.85 2.20 0.62 
UGM5 1.20 3.44 2.46 2.86 1.08 1.40 2.35 1.16 
UGM6 0.21 3.58 3.09 5.04 0.87 2.24 6.01 1.48 
UGM7 1.50 4.68 4.00 7.68 3.62 6.90 5.44 2.07 
UGM8 2.92 1.43 3.14 3.81 0.36 1.50 5.45 0.69 
UGM9 1.67 2.89 3.25 1.25 4.03 4.71 4.76 4.28 
UGM10 1.22 3.57 2.85 2.93 2.39 1.58 3.87 2.04 
Subchapter 5.10                                                         Prediction of Resilient Modulus from Clegg Impact Value 
 
Bao Thach Nguyen – PhD thesis                                                                                                                          322 
 
UGM11 3.63 3.43 2.25 2.73 1.84 2.13 4.84 0.15 
UGM12 0.74 2.74 1.82 3.05 5.53 2.97 2.28 2.84 
UGM13 0.69 1.10 1.96 2.75 5.32 2.36 1.99 1.19 
UGM14 1.87 3.64 5.50 6.94 6.14 4.53 5.97 4.65 
 
It could be seen from Table 10 that the duplicate loading sequences ranged from 0-8%. In 
addition, the testing data were also verified against the applied stresses because Mr was 
stress-dependent. Figure 6 illustrates the change in Mr with the σd, at the σ3 of 100 kPa for the 
experimental materials. 
 
 
Figure 6. The effect of σd on Mr at σ3 of 100 kPa 
 
It could be observed from Figure 6 that the effect of σd on the Mr was significant but the 
trend was not clear. For the UGM1 sample, as σd increased from 200 kPa to 500 kPa, Mr 
increased from 344 MPa to 371 MPa. However for sample UGM14, as σd increased from 400 
kPa to 500 kPa, Mr decreased from 188 MPa to 185 MPa. The influence of σd on Mr was 
consistent with literature (e.g., Hicks and Monismith, 1971; Papagiannakis and Masad, 2008).  
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Data of the experimental materials at the deviator stress of 300 kPa were plotted against σ3 
to examine the effect of σ3 on Mr , as shown in Figure 7.  
 
  
Figure 7. The effect of σ3 on Mr at σd of 300 kPa 
 
Figure 7 showed that the trend was obvious and clear. It meant that the influence of σ3 on 
Mr was more significant than the effect of σd (Figure 6). For example, with the UGM1 sample, 
σ3 increased from 50 kPa to 150 kPa and the Mr increased from 310 MPa to 389 MPa. This 
observation corresponded with  previous reports (Zeghal, 2004). 
 
 The data were fitted against the model proposed by Hopkins et al. (2001) to examine the 
effect of the stress level on Mr for the tested materials, according to the following equation: 
 
                 M = 95.217 × !" + 1#C.SFE × L!" + 1#C.S 																		(RF = 0.29)            (29) 
 
It could be observed that the R2 value for the above relationship was low. This could be 
due to the lack of a representative mechanical property of the experimental materials in the 
equation.  
100
150
200
250
300
350
400
40 60 80 100 120 140 160
R
es
ili
en
t m
o
du
lu
s 
(M
Pa
)
Confining stress (kPa)
UGM1
UGM2
UGM3
UGM4
UGM5
UGM6
UGM7
UGM8
UGM9
UGM10
UGM11
UGM12
UGM13
UGM14
Subchapter 5.10                                                         Prediction of Resilient Modulus from Clegg Impact Value 
 
Bao Thach Nguyen – PhD thesis                                                                                                                          324 
 
 
4.2 Clegg Impact Value 
 
The Clegg Impact Value (CIV) of fifteen unbound granular materials used in this study 
were obtained through laboratory experiments by using the 4.5 kg standard Clegg hammer as 
discussed in the previous section.  The maximum value for the CIV obtained for the samples 
was selected and the results are presented in Table 11. 
 
Table 11. Clegg impact values for the unbound granular materials tested 
 
Sample CIV Sample CIV 
UGM1 36 UGM8 17 
UGM2 35 UGM9 17 
UGM3 23 UGM10 17 
UGM4 32 UGM11 18 
UGM5 27 UGM12 18 
UGM6 25 UGM13 16 
UGM7 18 UGM14 21 
 
It could be observed from Table 11 that the highest CIV value was 36 from sample UGM1 
and the lowest CIV value was 16, which was found in sample UGM14. The crushed rock 
samples, which were UGM 1, UGM 2, UGM 3, UGM 4 and UGM 5, which had high CIV 
values, could be explained by the appearance of fine particles in the materials. The existence 
of the fine-grained materials reduced the void after compaction and improved the density as 
well as the resilient property of the materials. The other experimental materials, such as basalt 
aggregate, had uniform particle size distribution which could mainly affect the resilient 
behaviour of the materials.  Moreover, it could be seen that the CIV of the aggregate 
materials, which included UGM 7 to UGM 11, were similar. It could be concluded then that 
the CIV values were dependent on the nature of the material rather than on the nominal 
particle size of the materials. It was also noted that the slag materials had different CIV 
values, depending on the way the slag was processed. The electric arc furnace slag had the 
highest value, which was 21. On the other hand, the CIV value of the steel furnace slag was 
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the smallest, which was 16. The relationship between Mr and CIV for the tested materials was 
investigated using the following equation: M = a(CIV)                                     (30) 
Where: Mr = Resilient modulus (MPa) 
   a = Regression coefficient  
  CIV = Clegg impact value 
  
The regression coefficients, a and b, of the experimental materials for each loading 
sequence are described in Table 12. There were 48 pairs of regression coefficients 
corresponding with each loading sequence, including the preconditioning sequence. 
 
Table 12. The regression coefficient values obtained from the linear regression analysis for 
different stress levels 
 
Stress stage 
number 
a 
 
b R2 
Stress 
stage 
number 
a 
 
b R2 
Preconditioning 8.524 0.948 0.72 24 10.642 0.905 0.74 
0 8.539 0.947 0.77 25 20.978 0.74 0.68 
1 16.199 0.794 0.73 26 31.078 0.649 0.64 
2 22.946 0.717 0.72 27 9.935 0.916 0.73 
3 28.838 0.672 0.71 28 4.012 1.152 0.79 
4 33.887 0.644 0.71 29 11.098 0.897 0.72 
5 21.934 0.727 0.73 30 20.305 0.753 0.68 
6 8.930 0.940 0.77 31 10.008 0.922 0.72 
7 16.957 0.788 0.74 32 3.254 1.210 0.78 
8 24.951 0.701 0.71 33 6.353 1.040 0.75 
9 32.528 0.644 0.69 34 4.266 1.142 0.78 
10 40.073 0.601 0.66 35 7.804 0.988 0.74 
11 16.842 0.781 0.72 36 11.954 0.880 0.71 
12 5.242 1.071 0.78 37 21.422 0.738 0.66 
13 3.126 1.706 0.80 38 7.460 0.990 0.73 
Subchapter 5.10                                                         Prediction of Resilient Modulus from Clegg Impact Value 
 
Bao Thach Nguyen – PhD thesis                                                                                                                          326 
 
14 6.265 1.030 0.78 39 1.848 1.353 0.80 
15 10.12 0.911 0.76 40 5.051 1.094 0.76 
16 20.091 0.745 0.71 41 9.190 0.939 0.71 
17 29.458 0.659 0.67 42 14.056 0.830 0.66 
18 38.089 0.604 0.65 43 5.429 1.067 0.73 
19 19.92 0.754 0.70 44 2.603 1.262 0.78 
20 3.094 1.212 0.80 45 5.909 1.051 0.73 
21 1.598 1.389 0.82 46 9.124 0.946 0.70 
22 3.840 1.161 0.80 47 12.139 0.877 0.69 
23 6.947 1.011 0.77 48 669.97 -0.491 0.15 
 
From Equation 30 and Table 12, it can be seen that when CIV increases Mr increases with 
strong correlations. The highest R2 value achieved is 0.81 for the loading sequence number 
21 and the lowest value is 0.15 for the loading sequence number 48.  
 
Four models presented in Table 1 (Equations 2, 3, 4 and 12) were selected to investigate 
the relationship between Mr, CIV and the stress level. The regression equations using these 
models are summarised in Table 13. 
 
Table 13. Summary of possible correlations between Mr, CIV and the applied stress 
 
No. Equation R2 SEE (MPa) 
31 M = 7.512CIV L!"#C.DJF  0.70 315.25 
32 M = 6.913CIV !"#C.EEE  0.69 73.17 
33 M = 9.971CIV !" #C.*f*  0.70 210.23 
34 M = 7.011CIV cσ*P + 1dC.SFE cσP + 1dC.ID 0.72 127.77 
35 M = 6.680CIVC.SJC !" + 1#C.SFE L!" + 1#C.S  0.72 35.32 
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The values for the coefficient of determination, R2, for the models shown in Table 13 
varied from 0.69 to 0.72, while Equations 34 and 35 had the highest R2 values of 0.72. 
However, there were significant differences in the standard error of the estimate (SEE) 
values, ranging from 35.322 to 315.253. The largest SEE value was from Equation 31, which 
might be due to the missing  σ3 as another dependent variable in the correlation. In Equations 
34 and 35, both the σd and σ3 were considered as dependent variables in the correlations. It 
could be seen from Table 13, that R2 values for Equations 34 and 35 were the same. 
However, the SEE value for Equation 35 was significantly lower than that for Equation 34. 
Therefore, Equation 35 was selected as the best relationship between Mr, CIV and stress level 
for the materials tested in this study. Equation 35 could be simplified for some common 
values of σd = 150 kPa and σ3 = 50 kPa, σd = 250 kPa and σ3 = 50 kPa, σd = 350 kPa and σ3 = 
50 kPa, Pa = 100 kPa as shown below: 
 M = 11.013CIVC.SJC	       (σd = 150 kPa & σ3 = 50 kPa) (36) M = 11.704CIVC.SJC	     (σd = 250 kPa & σ3 = 50 kPa) (37)                         
            M = 12.249CIVC.SJC	                         (σd = 350 kPa & σ3 = 50 kPa) (38) 
 
4.3 Verification of the proposed predictive model 
The predicted resilient modulus values obtained from the proposed model, Mrp, (Equation 35) 
were compared with the experimental values, Mr. Three different stress levels were selected 
for the verification which was based on the recommendation from the standard testing 
method AG:PT/T053 (σd = 150 kPa and σ3 = 50 kPa, σd = 250 kPa and σ3 = 50 kPa, σd = 350 
kPa and σ3 = 50 kPa). The results and the differences between the experimental Mr (Equation 
12 and Table 9) and Mrp, (Equation 35) are shown in Table 14 and Table 15. 
 
Table 14.  Comparison of experimental Mr (Equation 12) and predicted Mrp (Equation 35) for 
σd = 150 kPa and σ3 = 50 kPa, and for CIV values of the experimental materials listed in 
Table 9 
 
Sample 
Experimental Mr from 
Equation 12 and Table 9 
(MPa) 
Predicted Mrp from 
Equation 35 (MPa) 
Difference between Mr 
and Mrp  
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= 
(F))(*)(F) × 100 (%) 
(1) (2) (3) (4) 
UGM1 286 240 16 
UGM2 250 234 6 
UGM3 241 163 32 
UGM4 202 217 -7 
UGM5 192 187 2 
UGM6 162 175 -8 
UGM7 131 132 -1 
UGM8 129 126 2 
UGM9 140 126 10 
UGM10 105 126 -20 
UGM11 116 132 -14 
UGM12 110 132 -20 
UGM13 129 120 8 
UGM14 125 151 -21 
 Average = 11.93% 
 
Table 15.  Comparison of experimental Mr (Equation 12 and Table 9) and predicted Mrp 
(Equation 35) for σd = 250 kPa and σ3 = 50 kPa, and σd = 350 kPa and σ3 = 50 kPa 
 
Sample 
σd = 250 kPa and σ3 = 50 kPa σd = 350 kPa and σ3 = 50 kPa 
Mr 
(MPa) 
Mrp 
(MPa) 
Difference 
between Mr 
and Mrp 
= 
(F))(*)(F) × 100 
(%) 
Mr 
(MPa) 
Mrp 
(MPa) 
Difference 
between Mr and 
Mrp 
= 
(f))(J)(f) × 100 
(%) 
(1) (2) (3) (4) (5) (6) (7) 
UGM1 302 255 16 315 267 15 
UGM2 256 249 3 260 260 0 
UGM3 254 174 32 265 181 31 
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UGM4 213 231 -8 222 241 -9 
UGM5 200 199 0 205 208 -2 
UGM6 172 186 -8 180 195 -8 
UGM7 141 141 0 148 147 1 
UGM8 147 134 9 161 140 13 
UGM9 153 134 13 164 140 15 
UGM10 112 134 -20 117 140 -20 
UGM11 128 141 -10 138 147 -7 
UGM12 118 141 -19 125 147 -18 
UGM13 135 127 6 139 132 4 
UGM14 128 160 -26 129 167 -30 
 
Average = 
12.14 % 
 Average =  
12.36 % 
 
The differences between Mr and Mrp which were higher than 20% (columns 4 and 7) in 
Tables 14 and 15 were for UGM3, UGM10, UGM12 and UGM14. These materials are “10 
mm crushed rock”, “7 mm crushed river aggregate”, “air cooled blast furnace slag” and 
“electric arc furnace slag” respectively. The average differences, excluding the four samples, 
were about 7% for the stress combinations used in Table 15. In other words, the measured Mr 
values were approximately 7% higher than the predicted Mrp values from the models 
presented in Equation 35 (or Equations 36, 37 and 38). The positive or negative values of the 
differences between the Mr and the Mrp indicated that the Mr values were either larger or 
smaller than the Mrp values respectively.  
 
Among the experimental materials used in this study, crushed rock aggregate samples 
UGM1, UGM2, UGM4 and UGM5, Vicroads class 1 to class 4 respectively, were the 
materials most used for the base course and subbase courses for pavement construction in 
Victoria, Australia. The Mr values for pavement design in Tables 16, 17, 18 and 19 were 
developed for Mr and Mrp values for σ3 of 50 kPa and several common σd, including 150 kPa, 
250 kPa, 350 kPa, 450 kPa and 550 kPa. Other tables could be developed for different σ3, if 
required, using the results and models presented in this paper (Equation 12 together with 
Table 9 for Mr and Equation 35 for Mrp).  
Subchapter 5.10                                                         Prediction of Resilient Modulus from Clegg Impact Value 
 
Bao Thach Nguyen – PhD thesis                                                                                                                          330 
 
 
Table 16.  Comparison of experimental Mr (Equation 12) and predicted Mrp (Equation 35) for 
material UGM1 at different stress levels 
 
σd 
(kPa) 
σ3
 
(kPa) 
Mr 
(MPa) 
Mrp 
(MPa) 
Difference between 
Mr and Mrp 
= 
(*))(E)(*) × 100 (%) 
(1) (2) (3) (4) (5) 
150 50 286 240 16 
250 50 302 255 16 
350 50 315 267 15 
450 50 325 277 15 
550 50 334 285 15 
 Average = 15.4 % 
 
Table 17.  Comparison of experimental Mr (Equation 12) and predicted Mrp (Equation 35) for 
the UGM2 at different stress levels 
 
σd 
(kPa) 
σ3
 
(kPa) 
Mr 
(MPa) 
Mrp 
(MPa) 
Difference between 
Mr and Mrp 
= 
(*))(E)(*) × 100 (%) 
(1) (2) (3) (4) (5) 
150 50 250 234 6 
250 50 256 249 3 
350 50 260 260 0 
450 50 263 270 -3 
550 50 266 279 -5 
 Average = 0.2 % 
 
Table 18.  Comparison of experimental Mr (Equation 21) and predicted Mrp (Equation 35) for 
material UGM4 at different stress levels 
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σd 
(kPa) 
σ3
 
(kPa) 
Mr 
(MPa) 
Mrp 
(MPa) 
Difference between 
Mr and Mrp 
= 
(*))(E)(*) × 100 (%) 
(1) (2) (3) (4) (5) 
150 50 202 217 -7 
250 50 213 231 -8 
350 50 222 241 -9 
450 50 229 250 -9 
550 50 235 258 -10 
 Average = - 8.6 % 
 
 
Table 19.  Comparison of experimental Mr (Equation 12) and predicted Mrp (Equation 35) for 
material UGM5 at different stress levels 
 
σd 
(kPa) 
σ3
 
(kPa) 
Mr 
(MPa) 
Mrp 
(MPa) 
Difference between 
Mr and Mrp 
= 
(*))(E)(*) × 100 (%) 
(1) (2) (3) (4) (5) 
150 50 192 187 2 
250 50 200 199 0 
350 50 205 208 -2 
450 50 210 216 -3 
550 50 214 223 -4 
 Average = - 1.4 % 
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5. Conclusions 
 
This study investigated the relationship between the Clegg impact value (CIV) and the 
resilient modulus (Mr) for unbound granular materials (UGM) of pavements using fourteen 
different granular materials with different physical and mechanical characteristics. It was 
carried out with the purpose of developing a simple and acceptable indirect method for the 
estimation of resilient modulus of pavement granular materials. 
 
The Mr tests were carried out according to the Austroads testing procedure (AG:PT/T053) 
for unbound granular materials under drained conditions with 48 different loading sequences. 
The Clegg hammer impact tests were performed on compacted materials in a CBR mould, 
prepared at the same moisture content and density used for Mr samples. The following 
general model was developed for Mr as a function of CIV and regression coefficients, a and b: 
 M = a(CIV)                          
The coefficients, a and b, were determined for each of the 48 loading sequence using the 
results for the fourteen materials used in the study. These coefficients were found to have 
strong correlations with stress levels, with the highest R2 value of 0.81 and the lowest value 
of 0.66. This indicates that for the model, for each of the fourteen UGM used in this study, 
CIV increased when Mr increased with good to strong correlation.  
 
The following equation was found from the regression analysis of results to include the 
influence of the stress level on Mr - CIV relationship. In this model, the Mr was a function of 
CIV, confining stress (σ3) and deviator stress (σd). This relationship gave the highest value 
for the coefficient of determination, R2, of 0.72 and the lowest SEE value of 35.32.  
 
M = 6.680CIVC.SJC cσ*P + 1dC.SFE cσP + 1dC.S 
 
This equation has been simplified for three common combinations of σd and σ3 for 
unbound subbase and base courses in a pavement, as follows: 
 M = 11.013CIVC.SJC	          (σd = 150 kPa and σ3 = 50 kPa)      
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               M = 11.704CIVC.SJC	           (σd = 250 kPa and σ3 = 50 kPa)             
 
               M = 12.249CIVC.SJC	                             (σd = 350 kPa and σ3 = 50 kPa) 
 
Similar models could be developed for other stress combinations using the original 
relationship above. 
 
The predicted values of resilient modulus from the above models, Mrp, were compared 
with the measured values from the standard repeated load triaxial tests. The average 
difference for the common base and subbase materials used in the study was about 7%.  In 
other words, the measured Mr values were approximately 7% higher than the predicted Mrp.  
 
Based on the results of this study, it was found that CIV can be used to find acceptable 
estimates of Mr of unbound sub-base and base course materials for pavement design, using 
compacted samples in the laboratory or compacted materials in the field. The results and 
models presented in this paper were based on materials used in this study. Further studies are 
strongly recommended for the development of universal prediction models, by using other 
types of granular materials from other locations in the world. 
 
The effect of σd and σ3 on Mr was investigated in this study. It was found that when σd 
increased, the Mr values for different materials and stress, either increased or decreased. In 
some cases, there was no trend in the relationship between Mr and σd. The influence of σ3 on 
Mr was significant and obvious. It was observed that when σ3 increased, the Mr for the 
experimental materials also increased. These observations were consistent with reports of 
previous research for granular materials. 
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Notation 
 
CIV  Clegg impact value 
MDD  maximum dry density (t/m3) 
MC  moisture content (%) 
OMC   optimum moisture content (%) 
Mr  resilient modulus (MPa) 
USCS  unified soil classification system 
R2  coefficient of determination 
SEE  standard error of the estimate 
Mrp  predicted resilient modulus (MPa) 
σd  deviator stress (kPa) 
σ3  confining stress (kPa) 
UGM  unbound granular materials
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5.11.1 Introduction 
 
Flexible pavement is a very important infrastructure asset that normally consists of the 
asphalt surface layer and the underlying base and sub-base courses. The subgrade soil is the 
existing soil and is the foundation of the pavement. It can be said that the performance of the 
pavement significantly depends on the bearing capacity of the subgrade. Therefore, an 
understanding of the behaviour of the subgrade soils would increase the confidence of 
pavement engineers in the design. Under the moving traffic load, the behaviour of the 
subgrade soils contains two parts: resilient and permanent deformation. In order to investigate 
these behaviours directly in the laboratory, the repeated load triaxial equipment is employed. 
Due to the complicated, time-consuming and expensive procedure, it is a challenge to 
perform the repeated load triaxial test as a routine basic test. Previous studies have reported 
the significant influence of the subgrade soil properties and loading conditions on the resilient 
and permanent deformation. In this thesis, the resilient and permanent deformation behaviour 
of several fine-grained soils collected from various locations in Victoria, Australia, were 
studied.  The effect of subgrade soil physical properties and stress conditions on the resilient 
modulus and permanent deformation for the experimental soils were also examined and 
discussed.  
 
The experimental materials, testing methods and results from this development have been 
published in two separate publications in the Australian Geomechanics Journal. The copies of 
the published papers are presented in this section. 
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6.1  INTRODUCTION 
 
Flexible pavement is a complex structure built with the main purpose being to carry the 
traffic loading. A typical flexible pavement structure consists of several layers, such as 
surface course, base course, sub-base course and subgrade soil. These materials have 
different physical and mechanical properties. Technically, a flexible pavement is designed in 
the way the loading traffic can be distributed from the top layer with the highest resilient 
modulus to the weakest subgrade soils without causing any damage to the structure. Located 
on the top of the pavement layers, the surface course helps to provide a smooth surface for 
the traffic. Moreover, the surface layer can also help to resist abrasion and prevent the 
intrusion of water into the lower layers of the pavement. Sprayed and asphalt bituminous 
surfacing is commonly used for the surface courses, which are located on high quality 
unbound or cemented base courses. Furthermore, sub-base courses may also be required to 
provide additional thickness to the pavement or to maintain the separation between the base 
course and the subgrade. In some circumstances, the sub-base layer may also be used to 
create a stable surface over a weak subgrade for the construction of the pavement. In practice, 
the subgrade soil is generally compacted at the desired density and can consist of either the 
natural or fill soils 
 
The behaviour of the flexible pavement is complicated and is commonly characterised by Mr 
of fine-grained and granular materials. Technically speaking, Mr is defined as the ratio of the 
deviator stress and the consequent recoverable strain, and can be determined from the 
repeated load triaxial test in the laboratory. In the standard repeated load triaxial test, the 
sample is subjected to a combination of σd and σ3 with the specific requirements about the 
loading and unloading period, the loading wave form and the setup of the equipment. The 
testing standard varies from one organisation to another. Inherently, it is a challenge to 
perform repeated load triaxial tests as a routine basic test due to the complicated, time-
consuming and expensive procedure; hence, several empirical approaches to estimate Mr 
from other soil mechanical properties – CBR, unconfined compressive strength or physical 
properties – moisture content, plasticity index or dry density have been proposed and 
recommended by several pavement design guides. However, the reported empirical 
approaches still have some limitations. For example, Mr value predicted from the CBR value 
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alone can be under or overestimated due to the quasi-static nature of CBR, compared with the 
dynamic behaviour of Mr. Therefore, there is a need to develop new methods to overcome 
these limitations, which is the compelling reason behind this study. 
 
6.2  RESEARCH OBJECTIVES 
 
The scope of this research is to evaluate and predict Mr of some fine-grained soils and 
granular materials for flexible pavement design. This study has four main objectives. 
 
1. To investigate the possible development of simple and reliable enough indirect 
methods for the evaluation of Mr of fine-grained subgrade soils in the field as well as 
in the laboratory. 
2. To develop simplified testing methods for the repeated load triaxial test to determine 
Mr for fine-grained soils and granular materials. 
3. To develop a three-dimensional discrete element model for the study and prediction of 
resilient behaviour of granular materials. 
4. To develop possible reliable prediction models for the resilient behaviour of fine-
grained soils based on the CBR, CIV and applied stress levels from the laboratory test 
results. 
 
6.3  MATERIALS AND METHODS 
 
In this study, eight different fine-grained subgrade soils and fourteen different granular 
materials were used for the experimental works. These materials were collected from various 
locations and suppliers of pavement materials in Victoria. 
 
Moreover, in order to investigate Mr of pavement materials, various testing equipment was 
used in this study, including the repeated load triaxial test to determine Mr, the dynamic cone 
penetrometer, miniature pressure gauge to measure the confining pressure during the dynamic 
cone penetration test in the CBR mould, the CBR testing equipment and the Clegg impact 
hammer. 
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Besides the laboratory based testing approach, this research work also investigated the 
application of a computer based method to estimate Mr of granular materials by employing 
the discrete element method. Various well developed DEM software is available, which, 
basically, can be classified as either open source or commercial. The current study employs 
the open source ESyS-Particle developed by Stefen et al. as the main tool to simulate the 
resilient modulus test for granular materials. The main advantage of ESyS is that it is 
classified as high performance computing software. Typically, it can run the simulation 
routinely containing up to 1e7 particles. Furthermore, ESyS has a good documentation 
system and support from the developer as well as from the community. The limitation of 
ESyS is that it does not have a graphic user interface. The user is required to have a certain 
level of knowledge and experience in the python programming language. 
 
 
6.4  RESULTS AND DEVELOPMENTS 
 
There have been several developments in this study. From the results and prediction models 
developed, fifteen papers have been prepared and published or submitted in international 
journals. In addition, some of the results have been presented in five international 
conferences. More details can be seen as below: 
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1. Development of the new DLP for the evaluation of Mr of soils in the field as well as 
in the laboratory by comparing the test conditions in a large mould 700 mm x 700 mm 
x 700 mm and the CBR mould. The former presents the field conditions and the latter 
presents the laboratory conditions. It was found that by reducing the hammer mass 
from the standard 9 kg to 2.25 kg, the DCPI from the large mould is equal to the 
DCPI from the CBR mould. Therefore, 2.25 kg was selected as the hammer mass for 
the new DLP. This development has been published in the Australian Geomechanics 
Journal. In addition, one of the figures in the paper was used in the presentation of the 
cover page of the journal. Technically, the newly developed DLP can be considered 
as a new invention that makes a great contribution for the evaluation of the resilient 
behaviour of the flexible pavement as well as to other areas, such as quality control of 
the compaction. 
 
2. Development of the prediction model for Mr based on DLPI and stress levels for fine-
grained soils. The proposed model may be used for the estimation of Mr for fine-
grained subgrade soils using the DLPI found from a laboratory or field penetration 
test at any MC from OMC to soaked soil conditions. This development has been 
published in the International Journal of Pavement Engineering.  The proposed 
relationship can provide a simpler, quicker and inexpensive tool for the pavement 
designer to examine the resilient behaviour of the flexible pavement. 
 
3. Development of the simplified testing method for the repeated load triaxial test to 
determine Mr for fine-grained soils. The proposed simplified approaches can simplify 
significantly the current testing standard method by reducing the time-consuming and 
complicated nature. In the proposed simplified method for fine-grained soils, the 
number of loading sequences is reduced from 16 to 5, and Mr is reported as the 
average value of the Mr from the five sequences. It was found that the Mr results from 
the simplified method and from the standard method are almost identical, with R2 = 
0.99, for the same stress combinations, for the experimental fine-grained soils. 
Moreover, the effects of σd, σ3 and MC on Mr were comprehensively investigated. 
The results showed that as σd increases, Mr decreases.  On the other hand, at the same 
σd level, the influence of σ3 on Mr is not well-defined, and seems to be insignificant. 
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Moreover, it has also been found that Mr is highly dependent on MC and that as MC 
increases, Mr decreases. The highest Mr can be seen at the dry of the optimum 
moisture content. In contrast, the soaked conditions gave the smallest Mr value. The 
results of this development have been submitted for possible publication in the 
Transportation Geotechnics Journal. 
 
4. Development of the simplified testing methods for the repeated load triaxial test to 
determine Mr for granular materials. The experimental materials were fourteen 
different unbound granular materials used for base and sub-base courses in pavements, 
included Vicroads class 1, class 2, class 3 and class 4 crushed rocks, reclaimed asphalt, 
and other types of aggregate. Based on the test results, a simplified testing method 
was proposed in this study with only eight loading sequences, as compared to 50 for 
the standard method. These simplified loading sequences were selected from the 
standard loading sequences (preconditioning, 9, 17, 25, 29, 35, 40 and 44). By 
comparing the resilient modulus values from the simplified method (Mrs) and standard 
method (Mr) for these stress levels, it was observed that the differences between the 
Mrs and Mr for the materials tested were insignificant. Twelve out of the fourteen 
samples had a percentage difference of less than 2%.  The main advantage of the 
proposed simplified method was that the required testing time was reduced 
significantly. Typically, the standard test requires approximately 15 hours, whereas 
the proposed simplified test consumes approximately 4.5 hours. This means that the 
testing time decreases by about 70%, and, accordingly, the cost for the test is 
significantly reduced. In addition, the simplified testing method can increase the 
service life of the equipment as well as reduce the cost of maintenance. Moreover, it 
was also observed that Mr obtained by the proposed simplified method was in a 
conservative range for design. These maximum and minimum Mr may be used as a 
guide in preliminary pavement design. Furthermore, from the test results, it was also 
observed that the effect of σ3 on Mr was more significant than σd. The results showed 
that as σ3 increased, Mr increased. The results of this development have been 
submitted to the Road Materials and Pavement Design Journal for possible 
publication. 
 
Chapter 6                                                                                                                                                 Conclusions 
 
Bao Thach Nguyen – PhD thesis                                                                                                                          370 
 
5. Development of a three-dimensional numerical model for the study and prediction of 
resilient behaviour of granular materials using DEM. In order to verify the developed 
model, the laboratory repeated load triaxial test was carried out for one of the popular 
pavement materials used in Victoria, 20 mm class 1 crushed rock. In addition, a DEM 
simulation was carried out with similar properties to the experimental materials, such 
as particle size distribution, maximum dry density and particle size density. The 
normal stiffness, shear stiffness and coefficient of friction used in the DEM model 
were selected from the previous research works, for similar materials. Based on the 
test results, it was found that by plotting Mr from the model and experiments along 
with the number of the loading sequence, the trends are almost identical. However, 
after loading sequence number eighteen, the difference between Mr from the model 
and experiments increases as the loading sequence number increases. This may be due 
to the removal of particles of less than 2.36 mm as well as the lower interlocking 
effect among the particles in the model. Moreover, it was also found that by 
restricting the rotational motion and only allowing the translational motion to simulate 
the interlocking effect of the particles, the difference between the improved values 
from the model and the experimental Mr values reduces significantly. In addition, it 
was also observed that the effect of σ3 on Mr obtained from the DEM simulation and 
experiments is similar. At the same σd, as σ3 increases, Mr increases. The developed 
numerical model has been published in the Australian Geomechanics Journal. The 
proposed numerical model can assist the pavement designer to examine the resilient 
behaviour of the granular materials at the micro level, such as the interaction between 
the granular particles during the cyclic loading. It is impossible to investigate this 
interaction at the macro level of the repeated load triaxle test. 
 
6. Development of a prediction model for the resilient behaviour of fine-grained soils 
based on the CBR values and stress level from laboratory tests results. The proposed 
correlation between Mr and CBR can provide the pavement designer an indirect, 
inexpensive and simpler method to estimate Mr. This developed prediction model has 
been submitted to the road materials and pavement design journal for possible 
publication. CBR is widely used in the geotechnical laboratory. The reliable 
relationship with CBR can provide an alternative approach for the pavement designer 
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to estimate the resilient modulus of the fine-grained subgrade soils. Furthermore, a 
relationship was also found for the CBR and DLPI of the fine-grained subgrade soils 
used in the study. The proposed correlation can be used as an alternative method, 
which is cheaper, quicker and simpler for the estimation of the CBR values in the 
field. The proposed relationship has been published in the Road Materials and 
Pavement Design Journal. 
 
7. Development of a prediction model to estimate Mr from CIV for unbound granular 
materials: The results and the prediction model have been submitted for possible 
publication in the Road Materials and Pavement Design Journal. The Clegg impact 
hammer is a popular item of equipment to evaluate the performance of the granular 
materials. Similar to Mr, CIV is also a dynamic parameter. Therefore, a strong 
relationship with CIV can assist in predicting Mr of granular materials. 
 
6.5  CONCLUSIONS 
 
By evaluating the resilient response of eight different Victorian fine-grained subgrade 
soils and fourteen different granular, base and sub-base materials, the current study aimed to 
better understand the testing aspect of Mr of fine-grained subgrade soils and granular 
materials, and to improve and simplify the current standard repeated load triaxial test for the 
determination of Mr. The following key findings were achieved in this research: 
 
1. Development of a dynamic lightweight cone penetrometer for the evaluation of Mr of 
soils in the field as well as in the laboratory conditions. This development has been 
published in the Australian Geomechanics Journal. A copy of this paper is included in 
Chapter 5.2. 
 
2. Development of a prediction model for Mr based on the new lightweight dynamic 
cone penetration index for fine-grained soils. This development has been published in 
the International Journal of Pavement Engineering. 
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3. Development of a simplified testing method for the repeated load triaxial test to 
determine Mr for fine-grained soils. The results of this development have been 
submitted for possible publication in the Transportation Geotechnics Journal. 
 
4. Development of a simplified testing method for the repeated load triaxial test to 
determine Mr for granular materials. The results of this development have been 
included and discussed in a paper submitted to the Road Materials and Pavement 
Design Journal for possible publication. 
 
5. Development of a three-dimensional numerical model for the study and prediction of 
the resilient behaviour of granular materials using the discrete element method. Some 
of the results from this study have been published in the Australian Geomechanics 
Journal (Appendix G) and a comprehensive paper from the results has been presented 
in Chapter 5.7 
 
6. Development of a prediction model for Mr of fine-grained soils based on the CBR 
values from laboratory tests. The developed prediction model has been submitted to 
the Road Materials and Pavement Design Journal for possible publication. 
 
7. Development of a prediction model for the estimation of Mr from the Clegg Impact 
Value for unbound granular materials. The results and the prediction model have been 
presented and discussed in a paper that was submitted for possible publication in the 
Transportation Geotechnics Journal. 
 
 
6.6  RECOMMENDATIONS 
 
Recommendations for further investigations are included in this research, focusing on the 
extension of this study to perform tests with different types of fine grained subgrade soils and 
granular materials for the development of universal predictive models. For the proposed 
numerical model, further investigation with the shape of the particle changing from spherical 
to an irregular shape is recommended. For instance, each granular particle is presented as a 
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clump of spheres. Moreover, further investigation on the effect of particle sizes of less than 
2.36 mm, as well as the sensitivity of the input parameters is also recommended. 
References 
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APPENDIX A 
 
Method of determination of the regression coefficients for the 
mathematical models of resilient modulus 
 
As mentioned in literature review chapter, resilient modulus is traditionally express in a form 
of a mathematical model. Some common reported models from previous researchers can be 
seen in the below table: 
 
Table A.1 Common mathematical models of resilient modulus 
Number Equation Reference 
A.1 
k2
3
r 1
a
σM =k
p
 
 
 
 
Dunlap (1963) 
Monismith et al. (1967) 
A.2 
k2
d
r 1
a
σM =k
P
 
 
 
 Moossazadeh and Witczak (1981) 
A.3 
2k
sum
r 1
a
σM =k
P
 
 
 
 Seed et al. (1967) 
A.4 
2 3k k
sum d
r 1 a
a a
σ σM =k P
P P
   
   
   
 Uzan (1985) 
A.5 
2 3k k
sum oct
r 1 a
a a
σM =k P
P P
   τ
   
   
 Witczak and Uzan (1988) 
A.6 
k k2 3
3 d
r 1 a
a a
σ σM =k P
P P
   
   
   
 Pezo (1993) 
A.7 
k k2 3
3 d
r 1
a a
σ σM =k +1 +1
P P
   
   
   
 Hopkins et al. (2001) 
A.8 
k k2 3
3 d
r 1 a
a a
σ σM =k P +1 +1
P P
   
   
   
 Ni et al. (2002) 
A.9 
k k2 3
sum d
r 1 a
a a
σ σM =k P +1 +1
P P
   
   
   
 Ooi et al. (2004) 
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A.10 
k k2 3
sum oct
r 1 a
a a
σM =k P +1 +1
P P
   τ
   
   
 
 
Where: Mr = resilient modulus (MPa) 
   k1, k2 and k3 = regression coefficients.  
   σ3 = confining stress (kPa) 
  σd = deviator stress (kPa) 
  σsum = sum of principle stresses (kPa) 
  τoct = octahedral shear stress (kPa) 
 Pa = reference stress (= 100 kPa) 
 
All of these non-linear equations can be transformed into a linear format as follows: 
 
 Table A.2 Linearisation of the equations  
Number Equation 
A.1 }(uv) = }(j) + jF} ,#  
A.2 }(uv) = }(j) + jF} e,#  
A.3 }(uv) = }(j) + jF} 0 , #  
A.4 }(uv) = }(j) + jF} 0 , # + j*} e,#  
A.5 }(uv) = }(j) + jF} 0 , # + j*} ¡¢£1, #  
A.6 }(uv) = }(j) + jF} ,# + j*} e,#  
A.7 }(uv) = }(j) + jF} , + 1# + j*} e, + 1#  
A.8 }(uv) = }(j a`) + jF} , + 1# + j*} e, + 1#  
A.9 }(uv) = }(j a`) + jF} 0 , + 1# + j*} e, + 1#  
A.10 }(uv) = }(j a`) + jF} 0 , + 1# + j*} ¡¢£1, + 1#  
 
All the above equations can be presented in the tensor format. For example, Equation A.5 can 
be expressed in the tensor format as follows: 
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¤}(u¥1)}(u¥2)…}(u¥§)¨=	}(j) + jF ©ªª
ªª«
} q¬y1`­ #
} q¬y2`­ #…
} q¬y§`­ #®¯¯
¯¯°
 + j* 
©ªª
ªª«
} ±²³1`­ #
} ±²³2`­ #…
} ±²³§`­ #®¯¯
¯¯°
               (A.11) 
 
Or 
¤}(u¥1)}(u¥2)…}(u¥§)¨=©ªª
ªª«
1								} q¬y1`­ # 							} ±²³1`­ #
1						} q¬y2`­ # 							} ±²³2`­ #…
1							} q¬y§`­ # 							} ±²³§`­ #®¯¯
¯¯°
  ´}(j1)j2j3 µ	               (A.12) 
 
Equation A.12 can be written in the following simple format: 
  
Y = ¤}(u¥1)}(u¥2)…}(u¥§)¨ 
 
A = 
©ªª
ªª«
1								} q¬y1`­ # 							} ±²³1`­ #
1						} q¬y2`­ # 							} ±²³2`­ #…
1							} q¬y§`­ # 							} ±²³§`­ #®¯¯
¯¯°
 
X = ´}(j1)j2j3 µ 
 
 
Equation A.12 can be simplified as below: 
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             A’Y = A’AX                    (A.13) 
 
Where: A’ = Transpose of A  
      
Solving the Equation A.13, we will get the regression coefficients k1, k2 and k3. 
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APPENDIX B 
 
The initial investigation of application of numerical methods in predicting Mr for unbound 
granular materials was started in early 2012. Literature review showed that the discrete 
element methodwas the most suitable tool for this application due to the discrete nature of the 
unbound granular materials. However, all the research publications which were reviewed 
were not be able to provide sufficient information regarding the software or the program 
required to replicate the numerical analysis. After speding a significant amount of time ro 
review, all the available commericial as well as free softwares, the best approach is to 
develop a new numerical program based on the free flatform. This approach is time-
consuming, complicated but can provide the flexibility in order to achieve the objective of 
this study. The following installation and user documents provide the step by step guide in 
order to replicate the numerical analysis which was performed in the current study. 
Furthermore, the developed numerical program can be used for further investigation in the 
future if the audiences have any interests. The CD which contains all the required 
documentation files, programme and supporting software is available upon request. 
 
NUMERICAL MODEL FOR RESILIENT MODULUS INSTALLATION GUIDE 
Version 3.0 
School of Civil, Chemical and Environmental Engineering 
RMIT University 
 
 
 
The model was tested on Windows XP platform. Because the Python 
(https://www.python.org/downloads) and OpenMPI (http://www.open-mpi.org/software) are 
required to be installed, the administration account or equivalent rights on the current account 
are required. In order to install the model, the following steps have to be carried out: 
 
1. Run the file “install.bat”. 
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2. An install interface of Python is shown as follows: 
 
 
 
Click NEXT to move to next screen 
 
 
 
Make sure and keep the install directory “C:\Python27\” as default. 
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Keep the features as default as shown from the above figure. 
 
 
The Python setup will copy all the required files 
 
 
 
Click FINISH to complete the Python setup 
 
Appendix B 
 
Bao Thach Nguyen – PhD thesis                                                                                                                          403 
 
3. The setup wizard of OpenMPI is shown as follows: 
 
 
 
In the license agreement screen, click “I AGREE” 
 
 
In the Install Options screen, keep all the options as default 
 
 
 
Make sure the Destination Folder is “C:\Program Files\OpenMPI_v1.5.5-win32” 
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Click “Install” 
 
 
The setup will copy all the required files. 
 
 
 
Click “Finish” to complete the setup 
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4. The setup wizard will ask your permission to create the folder Model in C drive. Enter 
“D” for the question. 
 
 
 
5. Then the wizard will copy the required files into the C:\Model. A screen will be seen 
as follows: 
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6. If the message “Installation is completed …” is shown as follows, it means that the set 
up was successful. 
 
 
 
7. Restart the computer in order to make the new installation and setting be effective. 
 
8. The program now is ready to use. Please refer to the User’s guide for more details 
about how to run the program. 
 
Development date: 
 
- Version 1: 24 April 2012. 
- Version 2: updated 30 May 2012 (added the environmental variables section). 
- Version 3: updated 12 June 2012 (a new installation procedure). 
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APPENDIX C 
 
NUMERICAL MODEL FOR RESILIENT MODULUS USER’S GUIDE 
Version 3.0 
School of Civil, Chemical and Environmental Engineering 
RMIT University 
 
 
 
1. Run the “run.bat” file in the directory “C:\Model”. 
 
 
 
2. The “Command Windows” will be shown as follows: 
 
 
 
3. And the Introduction dialogue windows of the numerical program will be appeared as 
below: 
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4. Click “Continue” button and the Input Data dialogue will be shown. They are the 
required input for the model, including the min radius (mm), max radius (mm), 
normal stiffness (N/mm) and the shear stiffness (N/mm). The values in the square 
bracket are for testing purpose. 
 
 
 
5. When finish filling up all the required field, click “OK” button and the “Confirm” 
dialogue will come: 
 
 
 
6. After the data input, if the screen is as follows, it means that the numerical model is 
running. 
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7. The value of the resilient modulus for each stress stage will be shown on the screen 
during the running as follows: 
 
 
 
8. The model running is completed at the stress stage 65. The resilient modulus results 
can be either printed directly from the screen or from the file created inside the 
C:\Model directory: 
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9. In order to identify the created file easier, the file will be attached with the time 
stamp. For example, the above file “resilient_modulus_13_6_2012_10_15.txt” was 
created at 13 June 2012 at 10:15 AM. The content of the file can be seen as follows: 
 
 
 
Development date: 
 
- Version 1: 24 April 2012 
- Version 2: updated 30 May 2012 (added the analysis section) 
- Version 3: updated 12 June 2012 (new improvement for the data analysis after 
receiving valuable feedback from supervisor) 
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APPENDIX D 
 
Below is the program source code for the numerical model developed in the thesis. 
 
 
Numerical model program source code 
 
# mpiexec -np 2 -machinefile hosts.txt mpipython.exe example.py 
# import the appropriate ESyS-Particle modules: 
 
import easygui as eg 
import sys 
from FoundationPy import * 
from LsmPy import * 
from GeometryPy import * 
from WallLoader import WallLoaderRunnable 
from ServoWallLoader import ServoWallLoaderRunnable 
from math import * 
import datetime 
 
 
while 1: 
 msg = "A numerical method to predict the resilient modulus of coarse-grain soil." 
 title = "About" 
 if eg.ccbox(msg, title):     # show a Continue/Cancel dialog 
  pass  # user chose Continue 
 else:  # user chose Cancel 
  sys.exit(0) 
  
 msg = "Please enter the input data" 
 title = "Input data" 
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 fieldNames = ["Min particle size (cm) [0.236] :", "Max particle size (cm) [1.9] :", 
"Normal Stiffness (N/cm) [5000] :", "Shear Stiffness (N/cm) [5000] :"] 
 fieldValues = []  # we start with blanks for the values 
 fieldValues = eg.multenterbox(msg,title, fieldNames) 
 
 # make sure that none of the fields was left blank 
 #while 1: 
 # if fieldValues == None: break 
 # errmsg = "" 
 # for i in range(len(fieldNames)): 
 #  if fieldValues[i].strip() == "": 
 #   errmsg = errmsg + ('"%s" is a required field.\n\n' % 
fieldNames[i]) 
 #  if errmsg == "":  
 #   break # no problems found 
 #else: 
  # show the box again, with the errmsg as the message 
 # fieldValues = eg.multpasswordbox(errmsg, title, fieldNames, fieldValues) 
 eg.msgbox("The simulation will run. The force and the diplacement will be recorded") 
 break 
  
 
minR = float(fieldValues[0])/2  
maxR = float(fieldValues[1])/2 
nK = float(fieldValues[2]) 
sK = float(fieldValues[3]) 
nx=1 
ny=1 
nz=1 
nwp=nx*ny*nz 
 
# default value 
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# minRadius = 7 
# maxRadius = 10 
# Nstiffness = 5000 
# Sstiffness = 5000 
# minR = minRadius  
# maxR = maxRadius 
# nK = Nstiffness 
# sK = Sstiffness 
 
#instantiate a simulation object: 
sim = LsmMpi(numWorkerProcesses=nwp, mpiDimList=[nx,ny,nz]) 
 
#write data to file 
now = datetime.datetime.now() 
mrfilename = "resilient_modulus" + "_" + str(now.day) + "_" + str(now.month) + "_" + 
str(now.year) + "_" + str(now.hour) + "_" + str(now.minute) +".txt" 
mrfile = open(mrfilename, 'a+') 
mrfile.write('This is the resilient modulus results from numerical model ' + str(now.day) + "/" 
+ str(now.month) + "/" + str(now.year) + " " + str(now.hour) + ":" + str(now.minute) +'\n')  
mrfile.write('\n') 
mrfile.write('----------------------------------------------------------------------------------\n') 
mrfile.write('\n') 
mrfile.write('\n') 
 
#initialise the neighbour search algorithm: 
sim.initNeighbourSearch ( 
 particleType = "RotSphere", 
 #gridSpacing = 2.5 x max particle radius 
 gridSpacing = 2.5000*maxR, 
 #verletDist = 0.2 x min particle radius 
 verletDist = 0.2000*minR 
) 
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#Number of time step and ParaView snapshot 
TotalTimeStep = 1000000000 
endTimeSteppic = 10000000 
timeStepIncrpic = 5000 
 
#set the number of timesteps and timestep increment in second: 
sim.setNumTimeSteps (TotalTimeStep) 
sim.setTimeStepSize (1.000e-06) 
 
#add a CheckPointer to store simulation data: 
#cd c:\model 
#dump2vtk -i pic -o myVTKFiles_ -t StartTimeStep NumberOfFile TimeStepIncrement -rot 
#dump2vtk -i pic -o myVTKFiles_ -t 0 5 100000 -rot 
sim.createCheckPointer ( 
 CheckPointPrms ( 
  fileNamePrefix = "pic", 
  beginTimeStep = 0, 
  endTimeStep = endTimeSteppic, 
  timeStepIncr = timeStepIncrpic 
 ) 
) 
 
#specify the spatial domain for the simulation in meter 
domain = BoundingBox(Vec3(-20,-20,-20), Vec3(20,20,20)) 
sim.setSpatialDomain (domain) 
 
 
#create a prism of spherical particles: 
geoRandomBlock = RandomBoxPacker ( 
 minRadius = minR, 
 maxRadius = maxR, 
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 # The cubicPackRadius is a parameter for setting up the neighbours table used to track 
relative locations of adjacent particles. 
 # The optimal value for this is approximately 2.2*maxRadius 
 cubicPackRadius = 2.2000*maxR, 
 maxInsertFails = 5000, 
 # length unit is milimeter mm 
 bBox = BoundingBox( 
  Vec3(-5.0000, 0.0000,-5.0000), 
  Vec3(5.0000, 20.0000, 5.0000) 
 ), 
 # circDimList informs the packing algorithm of any circular (or periodic) 
 #boundaries so particles will be fitted together along these boundaries rather than 
being fitted to straight walls. 
 circDimList = [False, False, False], 
 # If particles overlap by less than the prescribed tolerance, they are said to be touching 
 tolerance = 1.0000e-04 
) 
 
geoRandomBlock.generate() 
geoRandomBlock_particles = geoRandomBlock.getSimpleSphereCollection() 
 
 
#add the particles to the simulation object: 
sim.createParticles(geoRandomBlock_particles) 
 
 
#bond particles together with bondTag = 1: 
sim.createConnections( 
 ConnectionFinder( 
  maxDist = 0.0005, 
  bondTag = 1, 
  pList = geoRandomBlock_particles 
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 ) 
) 
 
 
#create a wall at the bottom of the model: 
sim.createWall ( 
 name = "bottom_wall", 
 posn = Vec3(0.0000, 0.0000, 0.0000), 
 normal = Vec3(0.0000, 1.0000, 0.0000) 
) 
 
 
#create a wall at the top of the model: 
sim.createWall ( 
 name = "top_wall", 
 posn = Vec3(0.0000, 20.0000, 0.0000), 
 normal = Vec3(0.0000, -1.0000, 0.0000) 
) 
 
 
#create a wall at the left of the model: 
sim.createWall( 
      name = "left_wall", 
      posn = Vec3(-5.0000,0.0000,0.0000), 
      normal = Vec3(1.0000,0.0000,0.0000) 
) 
 
#create a wall at the right of the model: 
sim.createWall( 
      name = "right_wall", 
      posn = Vec3(5.0000,0.0000,0.0000), 
      normal = Vec3(-1.0000,0.0000,0.0000) 
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) 
 
 
#create a wall at the front of the model: 
sim.createWall( 
      name = "front_wall", 
      posn = Vec3(0.0000,0.0000,5.0000), 
      normal = Vec3(0.0000,0.0000,-1.0000) 
) 
 
 
#create a wall at the back of the model: 
sim.createWall( 
      name = "back_wall", 
      posn = Vec3(0.0000,0.0000,-5.0000), 
      normal = Vec3(0.0000,0.0000,1.0000) 
) 
 
 
# initialise frictional interactions for unbonded particles: 
# RotElasticPrms 
# RotFrictionPrms 
# NRotElasticPrms 
sim.createInteractionGroup ( 
 NRotFrictionPrms ( 
  name = "friction", 
  # Elastic contact modulus, used when calculating linear elastic normal force 
  normalK = nK, 
  scaling = False, 
  # Friction coefficient when contact is sliding 
  dynamicMu = 0.5, 
  # Elastic contact modulus, used when calculating linear elastic shear force 
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  shearK = sK, 
  #staticMu = 0.5, 
  #rigid = True 
 ) 
) 
 
 
#specify elastic repulsion from the bottom wall: 
sim.createInteractionGroup ( 
 NRotElasticWallPrms ( 
  name = "bottom_wall_repel", 
  wallName = "bottom_wall", 
  normalK = 100000.0 
 ) 
) 
 
 
#specify elastic repulsion from the top wall: 
sim.createInteractionGroup ( 
 NRotElasticWallPrms ( 
  name = "top_wall_repel", 
  wallName = "top_wall", 
  normalK = 100000.0 
 ) 
) 
 
#specify elastic repulsion from the left wall: 
sim.createInteractionGroup ( 
 NRotElasticWallPrms ( 
  name = "left_wall_repel", 
  wallName = "left_wall", 
  normalK = 1000.0 
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 ) 
) 
 
#specify elastic repulsion from the right wall: 
sim.createInteractionGroup ( 
 NRotElasticWallPrms ( 
  name = "right_wall_repel", 
  wallName = "right_wall", 
  normalK = 1000.0 
 ) 
) 
 
#specify elastic repulsion from the front wall: 
sim.createInteractionGroup ( 
 NRotElasticWallPrms ( 
  name = "front_wall_repel", 
  wallName = "front_wall", 
  normalK = 1000.0 
 ) 
) 
 
#specify elastic repulsion from the back wall: 
sim.createInteractionGroup ( 
 NRotElasticWallPrms ( 
  name = "back_wall_repel", 
  wallName = "back_wall", 
  normalK = 1000.0 
 ) 
) 
 
#add translational viscous damping: 
sim.createInteractionGroup ( 
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 LinDampingPrms( 
  name="damping1", 
  #viscosity=0.0002,0.00002,0.000001 
  viscosity=0.0002, 
  maxIterations=50 
 ) 
) 
 
 
#add rotational viscous damping: 
# sim.createInteractionGroup ( 
 # NRotDampingPrms( 
  # name="damping2", 
  # viscosity=0.0002,0.00002,0.000001 
  # viscosity=0.002, 
  # maxIterations=50 
 # ) 
# ) 
 
# bondGrp = sim.createInteractionGroup( 
 # NRotBondPrms( 
  # name = "sphereBonds", 
  # normalK = 10000.0, 
  # breakDistance = 50.0, 
  # tag = 1, 
  # scaling = True 
 # ) 
# ) 
 
a_final = 0 
b_final = 0 
c_final = 0 
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d_final = 0 
 
a_vol = 0 
b_vol = 0 
c_vol = 0 
d_vol = 0 
 
for pp in geoRandomBlock_particles: 
 radius = pp.getRadius()*2 
 if (radius > 1.32) or (radius == 1.32): 
  a_final = a_final + 1 
  a_vol = a_vol + radius*radius*radius*3.1415926/6 
 if (radius > 0.95) and (radius < 1.32): 
  b_final = b_final + 1 
  b_vol = b_vol + radius*radius*radius*3.1415926/6 
 if (radius > 0.475) and (radius < 0.95): 
  c_final = c_final + 1 
  c_vol = c_vol + radius*radius*radius*3.1415926/6 
 if (radius == 0.475) or (radius < 0.475): 
  d_final = d_final + 1 
  d_vol = d_vol + radius*radius*radius*3.1415926/6 
 
a_mass = a_vol*0.000368 
b_mass = b_vol*0.000368 
c_mass = c_vol*0.000368 
d_mass = d_vol*0.000368 
 
print "Number of particle number retained on sieve 13.2 mm:", a_final 
print "Number of particle number retained on sieve 9.5 mm:", b_final 
print "Number of particle number retained on sieve 4.75 mm:", c_final 
print "Number of particle number retained on sieve 2.36 mm:", d_final 
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print "Volume of particle number retained on sieve 13.2 mm:", a_vol, " (cm3)" 
print "Volume of particle number retained on sieve 9.5 mm:", b_vol, " (cm3)" 
print "Volume of particle number retained on sieve 4.75 mm:", c_vol, " (cm3)" 
print "Volume of particle number retained on sieve 2.36 mm:", d_vol, " (cm3)" 
 
print "Percentage range 19 to 13.2 :", a_mass*100, " (%)" 
print "Percentage range 9.5 to 13.2 :", b_mass*100, " (%)" 
print "Percentage range 4.75 to 9.5 :", c_mass*100, " (%)" 
print "Percentage range 2.36 to 4.75 :", d_mass*100, " (%)" 
 
for m in range (0,41): 
 precondition = False 
 if m == 0: 
  sigma3 = 50 
  sigmad = 100 
  precondition = False 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 1: 
  sigma3 = 75 
  sigmad = 150 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 2:  
  sigma3 = 100 
  sigmad = 200 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 3: 
  sigma3 = 125 
  sigmad = 250 
  resilient_modulus_total = 0 
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  resilient_modulus_final = 0 
 elif m == 4: 
  sigma3 = 150 
  sigmad = 300 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 5: 
  sigma3 = 100 
  sigmad = 200 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 6: 
  sigma3 = 50 
  sigmad = 150 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 7: 
  sigma3 = 75 
  sigmad = 225 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 8: 
  sigma3 = 100 
  sigmad = 300 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 9: 
  sigma3 = 125 
  sigmad = 375 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 10: 
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  sigma3 = 150 
  sigmad = 450 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 11: 
  sigma3 = 75 
  sigmad = 225 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 12: 
  sigma3 = 40 
  sigmad = 125 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 13: 
  sigma3 = 30 
  sigmad = 100 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 14: 
  sigma3 = 40 
  sigmad = 150 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 15: 
  sigma3 = 50 
  sigmad = 200 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 16: 
  sigma3 = 75 
  sigmad = 300 
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  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 17: 
  sigma3 = 100 
  sigmad = 400 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 18: 
  sigma3 = 125 
  sigmad = 500 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 19: 
  sigma3 = 75 
  sigmad = 300 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 20: 
  sigma3 = 30 
  sigmad = 125 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 21: 
  sigma3 = 20 
  sigmad = 100 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 22: 
  sigma3 = 30 
  sigmad = 150 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
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 elif m == 23: 
  sigma3 = 40 
  sigmad = 200 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 24: 
  sigma3 = 50 
  sigmad = 250 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 25: 
  sigma3 = 75 
  sigmad = 375 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 26: 
  sigma3 = 100 
  sigmad = 500 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 27: 
  sigma3 = 50 
  sigmad = 250 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 28: 
  sigma3 = 30 
  sigmad = 180 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 29: 
  sigma3 = 50 
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  sigmad = 300 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 30: 
  sigma3 = 75 
  sigmad = 450 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 31: 
  sigma3 = 50 
  sigmad = 300 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 32: 
  sigma3 = 30 
  sigmad = 180 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 33: 
  sigma3 = 40 
  sigmad = 250 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 34: 
  sigma3 = 30 
  sigmad = 210 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 35: 
  sigma3 = 40 
  sigmad = 280 
  resilient_modulus_total = 0 
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  resilient_modulus_final = 0 
 elif m == 36: 
  sigma3 = 50 
  sigmad = 350 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 37: 
  sigma3 = 75 
  sigmad = 525 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 38: 
  sigma3 = 40 
  sigmad = 280 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 39: 
  sigma3 = 20 
  sigmad = 150 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 40: 
  sigma3 = 30 
  sigmad = 245 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 41: 
  sigma3 = 40 
  sigmad = 325 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 42: 
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  sigma3 = 50 
  sigmad = 400 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 43: 
  sigma3 = 30 
  sigmad = 245 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 44: 
  sigma3 = 20 
  sigmad = 185 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 45: 
  sigma3 = 30 
  sigmad = 275 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 46: 
  sigma3 = 40 
  sigmad = 370 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 47: 
  sigma3 = 50 
  sigmad = 450 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 48: 
  sigma3 = 30 
  sigmad = 275 
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  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 49: 
  sigma3 = 20 
  sigmad = 225 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 50: 
  sigma3 = 30 
  sigmad = 335 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 51: 
  sigma3 = 40 
  sigmad = 450 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 52: 
  sigma3 = 50 
  sigmad = 550 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 53: 
  sigma3 = 20 
  sigmad = 250 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 54: 
  sigma3 = 30 
  sigmad = 375 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
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 elif m == 55: 
  sigma3 = 40 
  sigmad = 500 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 56: 
  sigma3 = 20 
  sigmad = 300 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 57: 
  sigma3 = 30 
  sigmad = 450 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 58: 
  sigma3 = 40 
  sigmad = 600 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 59: 
  sigma3 = 30 
  sigmad = 500 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 60: 
  sigma3 = 20 
  sigmad = 350 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 61: 
  sigma3 = 30 
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  sigmad = 550 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 62: 
  sigma3 = 20 
  sigmad = 375 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 63: 
  sigma3 = 30 
  sigmad = 575 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 64: 
  sigma3 = 20 
  sigmad = 400 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 elif m == 65: 
  sigma3 = 20 
  sigmad = 500 
  resilient_modulus_total = 0 
  resilient_modulus_final = 0 
 # sigma3 in N = kPa*meter*meter*100 
 sigma3_input = sigma3*0.2*0.1*1000 
 # sigma3 in kN for top wall 
 sigma3_input_top = sigma3*0.1*0.1*1000 
 # sigma1 in kN 
 sigma1_input = sigma3*0.1*0.1*1000 + sigmad*0.1*0.1*1000 
 sigma_ramp = (sigma1_input - sigma3_input_top)/30 
 if precondition == True: 
  for k in range (1,3001): 
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   displacement = 0 
   resilient_displacement = 0 
   gauge_length = 0 
   vertical_resilient_strain = 0 
   resilient_modulus = 0 
   for n in range (1,301): 
    sim.runTimeStep() 
    if (n < 101): 
     sim.applyForceToWall("top_wall_repel", Vec3(0,-
sigma3_input_top,0)) 
     sim.applyForceToWall("left_wall_repel", 
Vec3(sigma3_input,0,0)) 
     sim.applyForceToWall("right_wall_repel", Vec3(-
sigma3_input,0,0)) 
     sim.applyForceToWall("front_wall_repel", Vec3(0,0,-
sigma3_input)) 
     sim.applyForceToWall("back_wall_repel", 
Vec3(0,0,sigma3_input)) 
     if (n == 75): 
      postone = sim.getWallPosition("top_wall") 
      forceone = sim.getWallForce("top_wall") 
      displacement = (20 - postone[1])*10 
    if (n > 100 and n <131): 
     sim.applyForceToWall("top_wall_repel", Vec3(0,-
(sigma3_input_top + sigma_ramp*(n-100)),0)) 
     sim.applyForceToWall("left_wall_repel", 
Vec3(sigma3_input,0,0)) 
     sim.applyForceToWall("right_wall_repel", Vec3(-
sigma3_input,0,0)) 
     sim.applyForceToWall("front_wall_repel", Vec3(0,0,-
sigma3_input)) 
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     sim.applyForceToWall("back_wall_repel", 
Vec3(0,0,sigma3_input)) 
    if (n > 130 and n <201): 
     sim.applyForceToWall("top_wall_repel", Vec3(0,-
sigma1_input,0)) 
     sim.applyForceToWall("left_wall_repel", 
Vec3(sigma3_input,0,0)) 
     sim.applyForceToWall("right_wall_repel", Vec3(-
sigma3_input,0,0)) 
     sim.applyForceToWall("front_wall_repel", Vec3(0,0,-
sigma3_input)) 
     sim.applyForceToWall("back_wall_repel", 
Vec3(0,0,sigma3_input)) 
     if ( k > 2995 and k < 3001): 
      if (n == 175): 
       postone = 
sim.getWallPosition("top_wall") 
       forceone = sim.getWallForce("top_wall") 
       resilient_displacement = (20 - 
postone[1])*10 - displacement 
       gauge_length = 200 - displacement 
       vertical_resilient_strain = 
resilient_displacement*100/gauge_length 
       resilient_modulus = 
sigmad/vertical_resilient_strain 
       resilient_modulus_total = 
resilient_modulus_total + resilient_modulus 
       if (k == 3000): 
        resilient_modulus_final = 
resilient_modulus_total/5 
        string_final = '{:>16}  {:>16}  
{:>16} {:>16}'.format('Stress stage: ' + str(m), 'Sigma 3: ' + str(sigma3) + ' kPa','Sigma d: ' + 
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str(sigmad) + 'kPa','Mr: ' + str(int(resilient_modulus_final)) + ' kPa','Displacement: ' + 
str(sim.getWallPosition("top_wall")[1]) + 'mm') 
        mrfile.write(string_final +'\n') 
        print string_final 
        print 
str(sim.getWallPosition("top_wall")[1]) 
    if (n > 200 and n <231): 
     sim.applyForceToWall("top_wall_repel", Vec3(0,-
(sigma1_input - sigma_ramp*(n-200)),0)) 
     sim.applyForceToWall("left_wall_repel", 
Vec3(sigma3_input,0,0)) 
     sim.applyForceToWall("right_wall_repel", Vec3(-
sigma3_input,0,0)) 
     sim.applyForceToWall("front_wall_repel", Vec3(0,0,-
sigma3_input)) 
     sim.applyForceToWall("back_wall_repel", 
Vec3(0,0,sigma3_input)) 
    if (n > 230): 
     sim.applyForceToWall("top_wall_repel", Vec3(0,-
sigma3_input_top,0)) 
     sim.applyForceToWall("left_wall_repel", 
Vec3(sigma3_input,0,0)) 
     sim.applyForceToWall("right_wall_repel", Vec3(-
sigma3_input,0,0)) 
     sim.applyForceToWall("front_wall_repel", Vec3(0,0,-
sigma3_input)) 
     sim.applyForceToWall("back_wall_repel", 
Vec3(0,0,sigma3_input)) 
 elif precondition == False: 
  for k in range (1,101): 
   displacement = 0 
   resilient_displacement = 0 
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   gauge_length = 0 
   vertical_resilient_strain = 0 
   resilient_modulus = 0 
   for n in range (1,301): 
    sim.runTimeStep() 
    if (n < 101): 
     sim.applyForceToWall("top_wall_repel", Vec3(0,-
sigma3_input_top,0)) 
     sim.applyForceToWall("left_wall_repel", 
Vec3(sigma3_input,0,0)) 
     sim.applyForceToWall("right_wall_repel", Vec3(-
sigma3_input,0,0)) 
     sim.applyForceToWall("front_wall_repel", Vec3(0,0,-
sigma3_input)) 
     sim.applyForceToWall("back_wall_repel", 
Vec3(0,0,sigma3_input)) 
     if (n == 75): 
      postone = sim.getWallPosition("top_wall") 
      forceone = sim.getWallForce("top_wall") 
      displacement = (20 - postone[1])*10 
    if (n > 100 and n <131): 
     sim.applyForceToWall("top_wall_repel", Vec3(0,-
(sigma3_input_top + sigma_ramp*(n-100)),0)) 
     sim.applyForceToWall("left_wall_repel", 
Vec3(sigma3_input,0,0)) 
     sim.applyForceToWall("right_wall_repel", Vec3(-
sigma3_input,0,0)) 
     sim.applyForceToWall("front_wall_repel", Vec3(0,0,-
sigma3_input)) 
     sim.applyForceToWall("back_wall_repel", 
Vec3(0,0,sigma3_input)) 
    if (n > 130 and n <201): 
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     sim.applyForceToWall("top_wall_repel", Vec3(0,-
sigma1_input,0)) 
     sim.applyForceToWall("left_wall_repel", 
Vec3(sigma3_input,0,0)) 
     sim.applyForceToWall("right_wall_repel", Vec3(-
sigma3_input,0,0)) 
     sim.applyForceToWall("front_wall_repel", Vec3(0,0,-
sigma3_input)) 
     sim.applyForceToWall("back_wall_repel", 
Vec3(0,0,sigma3_input)) 
     if ( k > 95 and k < 101): 
      if (n == 175): 
       postone = 
sim.getWallPosition("top_wall") 
       forceone = sim.getWallForce("top_wall") 
       resilient_displacement = (20 - 
postone[1])*10 - displacement 
       gauge_length = 200 - displacement 
       vertical_resilient_strain = 
resilient_displacement*100/gauge_length 
       resilient_modulus = 
sigmad/vertical_resilient_strain 
       resilient_modulus_total = 
resilient_modulus_total + resilient_modulus 
       if (k == 100): 
        resilient_modulus_final = 
resilient_modulus_total/5 
        string_final = '{:>16}  {:>16}  
{:>16} {:>16}'.format('Stress stage: ' + str(m), 'Sigma 3: ' + str(sigma3) + ' kPa','Sigma d: ' + 
str(sigmad) + 'kPa','Mr: ' + str(int(resilient_modulus_final)) + ' kPa','Displacement: ' + 
str(sim.getWallPosition("top_wall")[1]) + 'mm') 
        mrfile.write(string_final +'\n') 
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        print string_final 
        print 
str(sim.getWallPosition("top_wall")[1]) 
    if (n > 200 and n <231): 
     sim.applyForceToWall("top_wall_repel", Vec3(0,-
(sigma1_input - sigma_ramp*(n-200)),0)) 
     sim.applyForceToWall("left_wall_repel", 
Vec3(sigma3_input,0,0)) 
     sim.applyForceToWall("right_wall_repel", Vec3(-
sigma3_input,0,0)) 
     sim.applyForceToWall("front_wall_repel", Vec3(0,0,-
sigma3_input)) 
     sim.applyForceToWall("back_wall_repel", 
Vec3(0,0,sigma3_input)) 
    if (n > 230): 
     sim.applyForceToWall("top_wall_repel", Vec3(0,-
sigma3_input_top,0)) 
     sim.applyForceToWall("left_wall_repel", 
Vec3(sigma3_input,0,0)) 
     sim.applyForceToWall("right_wall_repel", Vec3(-
sigma3_input,0,0)) 
     sim.applyForceToWall("front_wall_repel", Vec3(0,0,-
sigma3_input)) 
     sim.applyForceToWall("back_wall_repel", 
Vec3(0,0,sigma3_input)) 
mrfile.close() 
sim.exit() 
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Development of a New Dynamic Lightweight Penetrometer for the 
Determination of Mechanical Properties of Fine-Grained Soils 
Bao Thach Nguyen and Abbas Mohajerani 
School of Civil, Environmental and Chemical Engineering, RMIT University, Australia 
Abstract 
Dynamic Cone Penetrometer is mainly used as an in situ device and laboratory application, in 
a mould, has rarely been reported due to the confining effect. In this study, a Dynamic 
Lightweight Cone Penetrometer that can be used in a CBR mould in the laboratory as well as 
in the field, with similar results, was developed. The results show that the influence of the 
mould confinement can be eliminated when the hammer mass is 2.25 kg. A strong correlation 
was found between CBR values and the new Dynamic Lightweight Penetrometer index, for 
six fine-grained soil samples, with different moisture contents, used in this study.  
Keywords: Dynamic Cone Penetrometer, Fine-Grained Soils, Light Penetrometer, Pavement 
Materials, CBR. 
1. Introduction 
 
Dynamic Cone Penetrometer (DCP) has been used for many years as an in situ device to 
assess and monitor the characteristics of pavement materials (Scale [1]). The standard DCP 
described in the Australian Standard, AS 1289.6.3.2 [2], consists of a 16 mm steel rod, to 
which a steel cone with a 20 mm base diameter and 60° cone tip is attached. The DCP is 
driven into the soil by a 9 kg hammer with a falling height of 510 mm. In testing, the DCP is 
held vertically to the surface of the soil to be tested and two operators are required. One 
person is to hold the device, lift the hammer to the stop and drop the hammer freely onto the 
anvil to drive the DCP into the soil and another one is to record the readings. The 
accumulative number of blows and penetration depth is recorded during the operation. The 
slope of the curve defining the relationship between the penetration depth and number of 
blows is described as the dynamic cone penetration index (DCPI) in mm/blow.    
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Generally speaking, the DCP is an inexpensive, portable and easy to operate instrument. 
However, performing the DCP experiment can be labour intensive due to the heavy hammer. 
Parker and Hammons [3] proposed an idea for an Automated Dynamic Cone Penetrometer. 
Basically, the set up consists of a vertical frame with wheels for lifting and dropping the 
hammer. The results are collected automatically by a data logger. In a similar attempt, 
Webster et al [4] at the US Army Corps of Engineers proposed the dual mass dynamic cone 
penetrometer, a modified version of the DCP with 8 kg hammer (ASTM D6951 [5]). In the 
dual mass dynamic cone penetration device, the hammer weight decreased to 4.6 kg.  This 
mass for the hammer reduces the DCPI by half of that of the original DCP with a mass of 8 
kg. With the same objective, Fumio et al [6] also developed an automated data collection 
system for portable DCP with a hammer mass of 3 kg. However, the use was limited to field 
surveys and no information was mentioned about the laboratory application.   
It is true that the DCP was mainly designed for field conditions. The application of DCP in 
the laboratory has rarely been reported, and it may be due to the effect of the lateral 
confinement. When performing the DCP in laboratory conditions inside a compaction mould 
or a CBR mould, the confining effect becomes very significant and the results will not be 
comparable with those obtained in the field.  The objective of this investigation was to study 
the effect of the confinement of a CBR mould on the DCP test results and develop a light 
DCP that can be used in the laboratory, in the CBR mould, as well as in the field for the 
determination of CBR, and other soil parameters, for fine-grained subgrade soils. 
2. Materials and Methods 
2.1 Physical properties of experimental soils 
 
The experimental fine-grained soils were collected from different suburbs in Melbourne, 
Victoria. The physical properties of the soils were determined according to the Australian 
Standards. A summary of the soils properties measured is presented in Table 1. 
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Table 1 Physical properties and compaction results of soil samples used in this study 
Sample 
No. 
Sample 
location 
USCS 
Symbol 
OMC 
(%) 
 
MDD 
(t/m3) 
 
LL 
(%) 
 
PL 
(%) 
PI 
(%) 
 
S-1 Deer Park Bypass, Deer Park CL 19.5 1.49 25.3 18.2 7.1 
S-2 Featherbrooke Estate, Point Cook CL 26.8 1.41 39.1  24.1 15.0 
S-3 Waverley Park Estate, Mulgrave CL 20.1 1.57 31.8 22.1 9.7 
S-4 Garnet Street, Ferntree Gully CH 22.9 1.67 56.0 23.4 22.6 
S-5 Kingsley Avenue, Point Cook CL 19.6 1.52 25.4 13.7 11.7 
S-6 Processed quarry by-product SC 17.0 1.81 31.0 21.0 10.0 
 
2.2       Laboratory test procedure 
 
The testing program consisted of two stages. The first stage was the development of the new 
lightweight DCP that can be used in the laboratory and in the field. The second stage was the 
investigation of the relationship of CBR and the new lightweight DCP index (DLP). 
In the first stage, two sets of DCP tests were performed on compacted soil (S1) in mould 1 
(M1) and mould 2 (M2), as shown in Fig. 1. The soil was compacted, in both moulds, with 
OMC (19.5%) and the same density was produced in order to achieve comparable data. 
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Fig. 1 DCP test in the CBR mould (M1) and in the 700 mm x 700 mm x 700 mm mould 
(M2)     
 
The main purpose for using the large mould was to simulate the field conditions by 
eliminating the confining effect of the wall of the mould on penetration results.  The 
fundamental background to simulate the field condition comes from the conclusion of Abu 
Farsakh et al [7] and Mohammadi et al [8]. In their investigation of the effect of the mould 
sidewalls on the DCP test results, they proposed that the minimum distance between the cone 
tip and the edge of the testing mould should be 250 mm in order to completely eliminate the 
mould size effect.  
 
Technically speaking, the hammer mass has a significant impact on the value of DCP index.  
Therefore, a wide range of hammers, including 2.5, 3.5, 4.6, 6.0, 8.0 and 9.0 kg was selected 
and used in the current work. The range of hammers was selected based on the literature 
review and after some trial experiments. For example, the selection of 9 and 8 kg hammers 
are from the AS 1289.6.3.2 [2] and ASTM D6951 [4], respectively. Moreover, the 4.6 kg 
hammer is from Webster et al [4] at the US Army Corps of Engineers. In this stage, all 
penetration tests were conducted with the Australian dynamic cone penetrometer with 
different hammer masses (AS 1289.6.3.2 [2]; steel cone-30 degrees angle; 20 mm diameter 
rod; 510 mm drop height).  
 
In the second stage, CBR tests and penetration tests using the newly developed lightweight 
DCP have been carried out on all compacted soil samples in a CBR mould. For the CBR and 
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penetrometer tests, different moisture content was used as shown in Table 3. The compaction 
effort was kept constant throughout testing. Each specimen was tested only once at each 
varying moisture content due to time constraints. A total of 24 CBR tests and 24 lightweight 
DCP test was performed.   
3. Results and Discussions 
  
The results of the DCP tests in mould M1 and M2 are summarised in Table 2 and illustrated 
in Fig. 2. 
Table 2 DCPI for mould M1 and mould M2 
Hammer mass 
(kg) 
DCPI in mould 
M1 
(mm/blow) 
DCPI in mould 
M2 
(mm/blow) 
The difference of DCPI, in 
Mould 1 and Mould 2 
(mm/blow) 
9.0 14.3 25.5 11.2 
8.0 10.6 17.3 6.7 
6.0 6.9 11.7 4.8 
4.6 5.2 8.6 3.4 
3.5 3.7 4. 7 1.0 
2.5 2.3 2.4 0.1 
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Fig. 2 DCPI vs. hammer mass for mould M1 and M2 for soil S-1 used in this study 
The results show that DCPI values are significantly higher for the larger hammer masses and 
the difference in DCPI values from the small and large moulds increases with the increase in 
the hammer mass. The differences clearly show the confining effect of the CBR mould (M1) 
on the DCP test results with different hammer masses. 
Furthermore, the difference in value of DCPI reduces to an insignificant value for a hammer 
mass of less than 2.5 kg, for the experimental soil, and a number of tests carried out in this 
study. It means that the results of a DCP test in a CBR mould in the laboratory will be almost 
similar to the results from a DCP test in the field using the same hammer for the same soil 
conditions. Based on these findings, the optimised mass for the hammer of the new 
lightweight DCP can be selected as 2.25 kg, which eliminates the influence of the confining 
pressure from the sidewall in a CBR mould. 
 
In the second stage, DCP and CBR experiments were performed with different soil samples 
at different moisture contents. The summary of dynamic light penetrometer (DLP) and CBR 
results are presented in the Table 3. 
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Table 3 DLP and CBR values for soil sample S-1, S-2, S-3, S-4, S-5 and S-6  
Sample No. 
Moisture Content 
(%) 
DLP 
(mm/blow) CBR (%) Comments 
S-1 19.5 2 20 OMC 
S-1 23.0 3 7 Wet of OMC 
S-1 17.0 2 19 Dry of OMC 
S-1 29.0 10 5 Soaked condition 
S-2 26.8 3 14 OMC 
S-2 30.0 6 5 Wet of OMC 
S-2 24.0 5 8 Dry of OMC 
S-2 37.0 11 2 Soaked condition 
S-3 20.1 2 26 OMC 
S-3 23.0 5 5 Wet of OMC 
S-3 17.0 2 21 Dry of OMC 
S-3 27.0 11 3 Soaked condition 
S-4 20.4 1 35 OMC 
S-4 23.0 6 12 Wet of OMC 
S-4 18.0 2 31 Dry of OMC 
S-4 27.0 8 4 Soaked condition 
S-5 17.5 2 27 OMC 
S-5 20.0 3 25 Wet of OMC 
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S-5 15.0 3 24 Dry of OMC 
S-5 24.0 26 2 Soaked condition 
S-6 17.0 2 27 OMC 
S-6 19.0 10 3 Wet of OMC 
S-6 14.5 5 11 Dry of OMC 
S-6 19.5 12 3 Soaked condition 
 
Based on the literature review, the most widely accepted model for representing the 
correlation between CBR and the field DCP index is in the format of a log-log relationship. 
In this study, a variety of correlations such as linear, power and exponential were examined 
and the log-log regression relationship gave the highest value for the coefficient of 
determination (R2).  
Log[CBR] = 1.647 – 1.06 x Log[DLP]        R2 = 0.87                     (1) 
Where: CBR = California bearing ratio (%) 
 DLP = new lightweight dynamic cone penetration index (mm/blow) 
Fig. 3 shows this relationship for all experimental soil samples used in this study. 
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Fig. 3 Log[CBR] versus Log[DLP] for soil sample S-1, S-2, S-3, S-4, S-5 and S-6 
 
Fig. 3 and equation 1 show that there is a strong correlation between DLP and CBR for the 
soils used in this study at different moisture contents. The major advantage of using the new 
lightweight penetrometer is that the relationship shown in Fig. 3 can be used in the laboratory 
as well as in the field for the evaluation of CBR of a soil with similar results. All the 
correlations reported in the literature can only be used with the standard DCP in the field. 
4.   Conclusions 
The objectives of this study were to develop a lightweight DCP that can be used in a CBR 
mould in the laboratory as well as in the field, with similar results for the same fine-grained 
subgrade soil, and to investigate the relationship of CBR and the new dynamic lightweight 
penetrometer index. The experimental program consisted of two stages. In the first stage, two 
sets of DCP tests were performed on a compacted soil, one in a standard CBR mould and the 
other in a large cubic mould (700 mm x 700 mm x 700 mm). The soil was compacted at the 
same moisture content and the same density in the small and large moulds to achieve 
comparable results for DCP testing.  A wide range of hammer masses, including 2.5, 3.5, 4.6, 
6.0, 8.0 and 9.0 kg was used in the study, with the Australian standard dynamic cone 
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penetrometer. In the second stage, the CBR and new lightweight DCP testings were carried 
out for six soil samples at different moisture contents.  
The results show that DCPI values are significantly higher for the larger hammer masses and 
the difference in DCPI values from the small and large moulds increases with the increase in 
the hammer mass. The differences clearly demonstrate the confining effect of the CBR mould 
on the DCP test results. Therefore, a new lightweight penetrometer with 2.25 kg hammer that 
can be used in a CBR mould in the laboratory as well as in the field with similar results for 
the same soil is proposed. A strong correlation (R2 = 0.87) has been found and established 
between CBR and the new lightweight DCP index. More experimental works will be 
conducted to confirm the findings in this study and further authentication. 
Notation 
 
CBR  California bearing ratio (%) 
DCP  dynamic cone penetrometer 
DCPI  dynamic cone penetrometer index (mm/blow) 
DLP  new lightweight dynamic cone penetration index (mm/blow) 
HM  hammer mass (kg) 
LL   liquid Limit (%) 
M1  CBR mould 
M2  large mould 700 mm x 700 mm x 700 mm 
MDD  maximum dry density (t/m3) 
OMC   optimum moisture Content (%) 
PI  plasticity index (%) 
PL  plastic limit (%) 
USCS  Unified Soil Classification System 
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  Prediction of California Bearing Ratio from Physical Properties of Fine-
Grained Soils 
Bao Thach Nguyen, Abbas Mohajerani 
 
Abstract—The California Bearing Ratio (CBR) has been acknowledged as an important 
parameter to characterize the bearing capacity of earth structures, such as earth dams, road 
embankments, airport runways, bridge abutments and pavements. Technically, the CBR test 
can be carried out in the laboratory or in the field. The CBR test is time-consuming and is 
infrequently performed due to the equipment needed and the fact that the field moisture 
content keeps changing over time. Over the years, many correlations have been developed for 
the prediction of CBR by various researchers, including the dynamic cone penetrometer, 
undrained shear strength and Clegg impact hammer. This paper reports and discusses some of 
the results from a study on the prediction of CBR. In the current study, the CBR test was 
performed in the laboratory on some fine-grained subgrade soils collected from various 
locations in Victoria. Based on the test results, a satisfactory empirical correlation was found 
between the CBR and the physical properties of the experimental soils. 
 
Keywords—California bearing ratio, fine-grained soils, pavement, soil physical properties.  
I. INTRODUCTION 
uring the early 1920s, the California Bearing Ratio (CBR) test was developed by O. J. 
Porter for the California Highway Department to evaluate the bearing capacity of pavement 
materials in laboratory conditions [1]. Since then, several countries have developed or 
adopted pavement design methods based on the CBR value of the materials. The CBR is the 
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most widely used strength parameter for fine-grained subgrade soils in flexible pavement 
design, while research into the use of the resilient modulus in pavement design continues [2]. 
 
In the CBR test, a standard plunger is used to penetrate the material at a standard rate 
(1mm/min). The CBR value is defined as the ratio between the applied load and the standard 
load of standard crushed rock shown in Table I for the plunger to reach the same depth [3]. 
 
                                                         CBR = ¶··¸¹º	¸\»^¼	¸\ × 100                                   (1) 
 
The standard CBR test can be carried out in the laboratory or on site [5]-[8]. In the 
laboratory, the CBR test is typically performed on compacted soil samples, while, in the field, 
the CBR test would be performed on the ground surface, or on a level surface excavated in a 
test pit, trench, or bulldozer cut [9]. 
 
TABLE I 
LOAD-PENETRATION DATA FOR COMPACTED CRUSHED ROCK WITH CBR = 100 [4] 
Penetration 
depth (mm) 
Load 
(kN) 
2 11.5 
2.5 13.24 
4 17.6 
5 19.96 
6 22.2 
8 26.3 
10 30.3 
12 33.5 
 
The CBR test method is most appropriate and gives the most reliable results for fine-
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grained soils. It can also be used to characterize the strength of pavement materials. In 
cohesionless soils, especially those that include large particles, the reproducibility of the test 
is poor [10]. In the laboratory test procedure, the test samples are prepared with soils of 
aggregate particle size of less than 19 mm. In the case of soils where particle sizes greater 
than 19 mm exist, the large particles are removed from the sample and replaced with an equal 
mass of material that falls between the 19 mm and 4.75 mm sieve size. In the field CBR test 
procedure, removal of larger particles that may adversely affect the test results is not possible, 
and, therefore, these types of soil are likely to produce unreliable results. 
 
A. CBR Prediction 
Field CBR testing is a time-consuming operation requiring a skilled operator, and can be 
hazardous for the evaluation teams in hostile environments. Limited amounts of published 
CBR data are available. Engineers always experience difficulties in obtaining representative 
CBR values for design. Due to limited budgets and poor planning conditions, insufficient soil 
investigation data are obtained in many cases. On the other hand, the laboratory CBR test is 
not only laborious and time consuming, but, sometimes, the results are not accurate due to the 
sample disturbance and poor quality of the laboratory testing conditions. Therefore, the 
development of prediction models might be useful and become a base for the judgment of the 
validity of the CBR values. Over the years, many correlations have been developed for the 
prediction of CBR by various researchers, including the dynamic cone penetrometer (DCP), 
undrained shear strength and Clegg impact hammer [11]-[19]. In addition, there have been 
several attempts to predict CBR values based on the USCS soil classification. Table II shows 
the summary of some predictions reported in previous research. 
 
TABLE II 
PREDICTION OF CBR FROM USCS SYMBOL 
References USCS Symbol 
CH CL MH ML OH OL SC 
Army Corps of 
Engineers 
15 
or 
15 
or 
10 
or 
15 
or 
5 
or 
5 
or 
5-
20 
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(1960) [20] less less less less less less 
Yoder and 
Witczak (1975) 
[1] 
3-5 5-
15 
4-8 5-
15 
3-5 4-8 10-
20 
National 
Cooperative 
Highway 
Research 
Program (2004) 
[21] 
1-5 5-
15 
2-8 8-
16 
- - 10-
20 
Austroads 
(2012) [2] 
5 5-6 - 4 - - 5-6 
Austroads 
(2012) [2] 
2-3 3-4 - 2 - - 3-4 
 
Semen [22] discussed several site-specific or specialized prediction models, in which soils 
from a specific location or region were sampled and tested to determine the CBR 
relationships specific to those soils. The equations developed include among others terms for 
the field dry density, moisture content, plasticity index, and liquid limit. These approaches, 
although developed to work in specific locations, may also be applied in a global database 
and prediction model. 
 
Moreover, there have been attempts to develop prediction models based on the fact that 
there is some form of relationship between the CBR of soils and the soil index properties. 
However, most of these previous models were essentially statistical correlations between the 
CBR and classification data and/or index properties of the soil. Many researchers have 
conducted studies to show the effect of soil type and characteristics on the CBR values [23]-
[25] and [21]. Some efforts have been devoted to correlate the CBR with the soil grain 
distribution and plasticity. Among them, [23] developed a correlation between the CBR and 
the plasticity index (PI) for cohesive soils. Using the concept of a suitable index, which varies 
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according to the plasticity and grading characteristics, a correlation for CBR was suggested 
by [24]. The suitability index is: 
                                                                                          
         (2) 
 
where #2.4mm is percentage passing 2.4 mm BS sieve; LL is liquid limit; PI is plasticity 
index. 
Agarwal and Ghanekar [25] tried to develop a correlation equation between the CBR and 
the liquid limit, plastic limit (PL) or plasticity index. However, they were not able to find any 
significant correlation among these parameters. Instead, they found an improved correlation 
when optimum moisture content (OMC) and liquid limit were included. Hence, they 
suggested a correlation that was only of sufficient accuracy for the preliminary identification 
of material. This correlation is: 
 CBR = 2 − 16 × Log(OMC) + 0.07 × (LL)                           (3) 
 
In [26], it was also concluded that the CBR is most dependent on the maximum dry density 
(MDD) and is least dependent on OMC. Using MDD and OMC as independent variables, 
several equations for CBR have been presented. Stephens [27] carried out an investigation in 
which archival data were used to evaluate the performance of existing models for some 
selected Natal soils. He described the relationships between the CBR and various 
classification parameters (in both simple and multivariate forms); however, further 
examination of these models found them to be generally unsatisfactory. In this study, the lack 
of any suitable correlations for universal use was discussed and a good relationship between 
the CBR and maximum swell was examined. The influence of the clay fraction on the CBR 
was reported and the interim use of the shrinkage and grading moduli to obtain minimum 
CBR values for shrinking and non-shrinking soils respectively was proposed. Another 
method for the estimation of the CBR, which was presented by [28], made use of the 
plasticity index for British soils compacted at natural moisture content for which the 
correlations were given in the format of a table. 
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The National Cooperative Highways Research Programme through the “Guide for 
mechanical-empirical design of new and rehabilitated pavement structures” [29] suggested 
some correlations that describe the relationship between the soil index properties and the 
CBR. For plastic fine-grained soils, the chosen soil index properties to correlate with the 
CBR are the percentage passing No. 200 US sieve or 0.075 mm size sieve and the plasticity 
index. The suggested equation is: 
 
            CBR = IC.IFS×(#FCC)×(!¿)                 (4) 
 
where #200 is passing No. 200 US sieve (%); PI is plasticity index. 
 
Moreover, [30] also developed a new lightweight dynamic cone penetrometer to predict the 
CBR values for fine-grained subgrade soils. The findings showed a strong correlation 
between the CBR and lightweight dynamic cone penetration index [31]-[33]. 
 
II. Materials and Methods 
A. Experimental Materials  
In the testing programme, a total of eight different fine-grained soils obtained from 
different suburbs in Melbourne, Victoria, were used. The physical properties of the soil 
samples were determined according to the Australian Standards [34]-[36]. The summary of 
the physical properties of these experimental soils is shown in the following table: 
 
TABLE III 
PHYSICAL PROPERTIES OF EXPERIMENTAL SOIL SAMPLES 
Sample Sample location USCS 
Symbol 
OMC 
(%) 
MDD 
(T/m3) 
PI 
(%) 
S1 Featherbrooke 
Estate, Point 
Cook 
CL 26.8 1.41 15 
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S2 Deer Park 
Bypass, Deer 
Park 
CL 19.5 1.49 7 
S3 Waverley Park 
Estate, 
Mulgrave 
CL 20.1 1.57 10 
S4 Garnet Street, 
Ferntree Gully 
CH 22.9 1.67 33 
S5 Kingsley 
Avenue, Point 
Cook 
CL 19.6 1.52 11 
S6 Processed 
quarry by-
product 
SC 17.0 1.81 10 
S7 Processed 
product 
SC 14.0 1.84 8 
S8 Processed 
product 
SC 15.0 1.82 8 
B. CBR Test 
The apparatus used for the CBR test comprised a standard CBR apparatus with a computer 
interface. Fig. 1 is a photograph of the CBR set up with a specimen. The penetration was 
measured using a 25 mm strain transducer mounted on the CBR plunger. The load was 
measured using a 50.0 kN S-type load cell. 
 
TABLE IV 
CBR VALUES FOR THE EXPERIMENTAL SOILS AT DIFFERENT MOISTURE CONTENTS 
Sample 
Moisture 
content (%) 
Comments 
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S-1-O 26.8 OMC 
S-1-W 30.0 
Wet of 
OMC 
S-1-D 24.0 
Dry of 
OMC 
S-1-S 37.0 
Soaked 
condition 
S-2-O 19.5 OMC 
S-2-W 23.0 
Wet of 
OMC 
S-2-D 17.0 
Dry of 
OMC 
S-2-S 29.0 
Soaked 
condition 
S-3-O 20.1 OMC 
S-3-W 23.0 
Wet of 
OMC 
S-3-D 17.0 
Dry of 
OMC 
S-3-S 27.0 
Soaked 
condition 
S-4-O 20.4 OMC 
S-4-W 23.0 
Wet of 
OMC 
S-4-D 18.0 Dry of 
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OMC 
S-4-S 27.0 
Soaked 
condition 
S-5-O 17.5 OMC 
S-5-W 20.0 
Wet of 
OMC 
S-5-D 15.0 
Dry of 
OMC 
S-5-S 24.0 
Soaked 
condition 
S-6-O 17.0 OMC 
S-6-W 19.0 
Wet of 
OMC 
S-6-D 14.5 
Dry of 
OMC 
S-6-S 19.5 
Soaked 
condition 
S-7-O 14.0 OMC 
S-7-W 16.5 
Wet of 
OMC 
S-7-D 11.5 
Dry of 
OMC 
S-7-S 18.9 
Soaked 
condition 
S-8-O 15.0 OMC 
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S-8-W 17.5 
Wet of 
OMC 
S-8-D 12.5 
Dry of 
OMC 
S-8-S 19.6 
Soaked 
condition 
 
 
Fig. 1 CBR testing apparatus 
 
The samples were prepared at different moisture contents, including optimum moisture 
content (OMC), wet of OMC, dry of OMC and soaked conditions. After each soil specimen 
was prepared, the CBR tests were carried out according to the Australian standard [5]. 
 
III. Results and Discussion 
As mentioned earlier, the CBR tests were carried out for four different moisture levels for 
each experimental soil. These were dry of OMC (-2.5%), OMC, wet of OMC (+2.5%) and 
soaked condition. The testing results are presented in Figs. 2 (a)-(h). 
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Fig. 2 (a) The CBR versus the moisture content for soil sample S1 
 
 
Fig. 2 (b) The CBR versus the moisture content for soil sample S2 
 
 
Fig. 2 (c) The CBR versus the moisture content for soil sample S3 
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Fig. 2 (d) The CBR versus the moisture content for soil sample S4 
 
 
Fig. 2 (e) The CBR versus the moisture content for soil sample S5 
 
 
Fig. 2 (f) The CBR versus the moisture content for soil sample S6 
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Fig. 2 (g) The CBR versus the moisture content for soil sample S7 
 
 
Fig. 2 (h) The CBR versus the moisture content for soil sample S8 
 
Figs. 2 (a)-(h) show, as expected, that, as the moisture content changes, the CBR value 
changes accordingly. For example, at the wet side of OMC, when the moisture content of the 
soil sample increases, the CBR value decreases due to the reduction of the shear strength and 
the density of the experimental fine-grained soils. Moreover, the maximum CBR values occur 
at the OMC. This observation is in good agreement with the reports from previous research 
work. 
 
0
5
10
15
20
25
30
10 12 14 16 18 20
C
a
lif
o
rn
ia
 
B
ea
ri
n
g 
R
a
tio
Moisture content (%)
S7 (OMC = 14%)
0
5
10
15
20
25
30
10 15 20 25
C
a
lif
o
rn
ia
 
B
ea
ri
n
g 
R
a
tio
Moisture content (%)
S8 (OMC = 15%)
Appendix F 
 
Bao Thach Nguyen – PhD thesis                                                                                                                          466 
 
 
Fig. 3 Plasticity index versus CBR for the experimental soil samples at OMC 
 
Fig. 4 Maximum dry density versus CBR for all experimental soil samples at OMC 
To investigate the effect of other soil physical properties, such as the plasticity index and 
maximum dry density on CBR, these values are plotted against the CBR, as illustrated in Figs. 
3 and 4. 
It can be seen from Figs. 3 and 4, that, overall, the plasticity index and maximum dry 
density have an effect on CBR. For example, for soil S2 and S4, the CBR increases as the 
plasticity index increases. Moreover, for soil S1, S2, S3, S4 and S5, the CBR values increase 
as the maximum dry density increases. Based on the experimental results, the correlations 
between the CBR and moisture content, plasticity index and maximum dry density for each 
experimental soil sample were analysed and are presented in Table V. 
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TABLE V 
CORRELATION OF CBR AND MOISTURE CONTENT (MC), PLASTICITY INDEX (PI) AND 
MAXIMUM DRY DENSITY (MDD) FOR EACH EXPERIMENTAL SOIL SAMPLE 
Sample Equation R2 
S1 Log(CBR) = 3.5 + 1.179(MC)+ 0.255(PI)− 5(MDD) 
0.38 
S2 Log(CBR) = 4 + 1.260(MC)− 0.125(PI)+ 0(MDD) 
0.28 
S3 Log(CBR) = 16 + 0.397(MC)+ 4.625(PI)− 24(MDD) 
0.61 
S4 Log(CBR) = 16 + 0.915(MC)+ 0.554(PI)− 18(MDD) 
0.56 
S5 Log(CBR) = 2 + 0.692(MC)+ 0.344(PI)− 1(MDD) 
0.90 
S6 Log(CBR) = 4 + 1.491(MC)− 0.063(PI)+ 0(MDD) 
0.61 
S7 Log(CBR) = 1 − 0.823(MC)+ 0(PI) + 2(MDD) 0.75 
S8 Log(CBR) = 32 + 1.466(MC)− 3(PI) − 4(MDD) 0.69 
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From Table V, it can be seen that the R2 values vary significantly from 0.28 to 0.9 for the 
experimental soils used in this study. By taking into account all the soil samples, regression 
(5) was found for the CBR as a function of the moisture content, plasticity index and 
maximum dry density. 
Log(CBR) = 5.549 − 0.082(MC) + 0.021(PI) − 1.940(MDD)					(RF = 0.66)	(5) 
It should be noted that in the field, the subgrade soil is recommended to be compacted at 
the OMC initially in order to achieve the MDD. Over the service life of the infrastructure, 
under the changes of the seasonal climate and the drainage conditions, the moisture content 
of the subgrade soils underneath the infrastructure eventually changes to the wet side of the 
OMC. For instance, [37] found that the subgrade soils showed an increase in moisture content 
of about 30% higher than the plastic limit of the soil during the first 5 years of pavement 
service life. Moreover, it was also reported that the moisture content of the subgrade soils 
would change until reaching the equilibrium moisture content [38], [39]. Therefore, in order 
to eliminate that effect and characterise the typical change in the moisture content, it is 
recommended to consider only the wet side of the OMC in the relationship. In addition, 
including the results from OMC and only wet side of OMC in the regression analysis, 
regression (6) was found to have the significantly higher R2 value of 0.75. 
Log(CBR) = 4.767 + 0.843(MC) + 0.020(PI) − 1.522(MDD)				(RF = 0.75) (6) 
 
In order to examine and illustrate the above correlation, the experimental CBR results have 
been plotted against the predicted CBR values from (6) in Fig. 5 for all the experimental soil 
samples. 
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Fig. 5 The experimental CBR versus predicted CBR for all tested soil samples 
 
Fig. 5 shows the predicted CBR values against the actual CBR results for the experimental 
soils at different moisture contents of OMC, wet side of OMC and soaked conditions. As 
mentioned before, it can be seen from the above figure that the variations predicted and 
measured CBR values for some of the soil samples are high while for most of the samples the 
variations are not significant.  
 
IV. Conclusion 
In the current study, the effect of soil physical properties, including moisture content, 
plasticity index and maximum dry density, on the California Bearing Ratio (CBR) values for 
fine-grained soils was investigated. Eight different fine-grained soils were collected from 
various locations in Melbourne, Australia. For each soil sample, the CBR tests were carried 
out at four different moisture contents, including the dry of optimum moisture content 
(OMC), OMC, wet of OMC and soaked condition. Based on the testing results, the following 
conclusions are drawn: 
 
- The effect of moisture content on CBR value is significant. For example, on the wet 
side of OMC, as moisture content increases, the CBR decreases significantly. 
- The maximum CBR is observed at the OMC because at this moisture level, the 
maximum dry density and the highest strength are achieved. 
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0
5
10
15
20
25
30
35
40
45
0 10 20 30 40
Pr
ed
ic
te
d 
C
B
R
Experimental CBR
Line of equality
Appendix F 
 
Bao Thach Nguyen – PhD thesis                                                                                                                          470 
 
the maximum dry density on the CBR is clearly observed with the proportional 
relationship. The CBR increases as the maximum dry density increases. 
- From the experimental results, the correlation of CBR and the moisture content 
(MC), plasticity index (PI) and maximum dry density (MDD) was found to be 
strong for the samples tested at OMC, wet side of OMC and soaked conditions. 
 
Log (CBR) = 4.767 + 0.843(MC) + 0.020(PI) - 1.522(MDD)  (R2 = 0.75) 
 
It should be noted that the above relationship is for the experimental soil samples. 
Therefore, further investigation with more different fine-grained soil samples and testing 
conditions is recommended. 
NOTATION 
CBR  California bearing ratio 
PI      plasticity index (%) 
MC  moisture content (%) 
MDD maximum dry density (t/m3) 
OMC  optimum moisture content (%) 
USCS unified soil classification system 
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